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The PlasmaDepletion Layer

by

Yongli Wang
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Theplasmadepletionlayer (PDL) is alayeron the sunward sideof the magnetopause
with lower plasmadensityandhighermagnetidield strengthcomparedo their corre-
spondingupstreanmagnetosheattalues. The PDL usuallyoccursduring northward
interplanetarynagnetidield (IMF) conditonswhenthereis low magneticshearacross
themagnetopausd.he PDL studyhasattractedalot of attentionbecausét affectsthe
couplingof mass,momentum,andenegy betweenthe solarwind andthe magneto-
sphere.Theoretical pbsenational,andnumericalstudeshave madegreatprogressn
understandinghis structure however still mary problemsaxist. Are MHD effectsand
pressuresotropy sufficientto describehe plasmadepletionlayer?Is the PDL astable
or transienttructure™ow doesthe PDL dynamicallyrespondo transientsolarwind
conditiors? Whatis the spatialextenson and global geometryof the PDL? Whatis
responsibldor the formationof the PDL? How doesa flux tube get depletedin the
magnetosheathRoesslow modefront exist in the magnetosheathWhatis the exact
role of the slov modewavesfor the PDL? How is the PDL dependenbn solarwind
conditiors andthe Earthdipoletilt? The purposeof this dissertatiorstudyis to solve
theseproblemsin a systemat way. The UCLA global modelis usedin the study
asanimportanttool, togethemwith PDL obsenations andtheoreticalanalysis.First |

confirmthevalidity of theglobalmodelin studyirg the PDL with goodfitting between
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modelresultsandspacecrafobsenations MHD effectsandpressurésotropy aresuf-
ficientto describeheformationof the plasmadepletionlayer ThePDL is foundto be
a stablestructureunderstablesolarwind conditions,anddynamicallychangingsolar
wind hasstronginfluenceon the magnetosheatstructures. After modelvalidation |
analyzetheforcesresponsit# for theformationof the PDL andfind thatthecombined
pressurgradienforceandmagnetidorceis responsit# for theformationof thePDL.
The PDL extendslongitudinally andlatitudnally alongthe magnetopauseith vary-
ing properties. Flux tube depletionoccursin almostall the subsolarmagnetosheath
insteadof just nearthe subsolamagnetopauseThe bow shockplaysan important
rolein deceleratinganddepletingflux tube.Nearthe magnetopauseomplex pressure
gradientforceexistswhichmightberesponsilk# for thecomple« PDL obsenatiors. A
new methodis introducedto calculatethe slov modefront in the magnetosheatand
theexistenceof the slow modefront in the magnetoskathfor certain,but notall solar
wind conditions,is confirmed. However, the PDL doesnot necessargorrespondo
the slow modefront andthe slow modefront playsno discerniblerole for shapingthe
plasmaandfield in the magnetoskath.Finally, differentdegreesof dependencef the
PDL andtheslow modefront onthe solarwind magnetosoic MachnumberIMF B,

thelMF tilt andclock anglesandthe Earthdipoletilt areobtained.
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CHAPTER 1

Intr oduction

1.1 Intr oduction

The magnetoseathfield andflow structurenearthe magnetopusehasbeenthe sub-
jectof muchresearctbecausét affectsthe couplingof massmomentun, andenegy
betweenthe solarwind and the magnetospére. When the interplanetarymagnetic
field (IMF) is southvard (B,< 0), magneticreconnectiorcantake placeat the sub-
solarmagnetopausandsubstantill amouns of enegy, massandmomentuncanbe
transferreddirectly from the solarwind into the magnetosphergyowering magneto-
sphericphenomenasuchasthe aurora. The linkage of the magnetospereandthe
magnetosheatmagneticfield leadsto transferof magneticflux into the magnetail.
Theflux transferevent (FTE) [Russelland Elphic, 1978]is an unsteadyform of this
transfer However, whenthe IMF is northwardandthe magneticshearacrosshe mag-
netopauseés low, noreconnectiorflow signaturesreobsenednearthe subsolamag-
netopause During suchperiods,the interplanetarymagneticfield lines pile up near
the magnetopausandthe plasmapressureand densityand/ortemperaturedecrease
to keepthe total pressuran balancePhanet al., 1997]. This magnetokeathregion
on the magnetopauwswith decreaseglasmadensityandincreasednagnetigoressure
is calledthe plasmadepletionlayer (PDL). Its main characteristicare lower plasma
densityand higher magneticfield valuescomparedo their correspondingipstream
magnetosheatalues.The conditionsfor theformationof the PDL canbemorecom-

plex thanwhatwe have justmentionedabove. For example the PDL canalsoform for
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Figure 1.1: Resultsof Spreiters model [Spreiteret al., 1966]. Figure courtesyof
KivelsonandRussell[1995]. Theleft panelshavs the streamlinegor supersonidlow
pastthe magnetogherefor a Mach numberof 8 anda polytropicindex of 5/3. The
flow-line spacinghasbeenchoserfor corveniencein illustration of themagnetosheath
flow andis notanindicationof massflux. Theright panelshowvs the densitycontours
for supersonidlow pastthe magnetosphertr a Mach numberof 8 anda polytropic
index of 5/3.

southvard IMF underhigh solarwind dynamicpressuravhich couldberelatedto the
limitation of reconnectiorflows for high solarwind Mach numbergAndersonetal.,

1997;Farrugiaetal., 1997].

1.2 Physicsof the Magnetosheath

1.2.1 Gasdynamics

Spreiters modelis oneof the earliestmodelsto describethe flow patternin the mag-
netosheatlSpreiteretal., 1966]. In thismodel,the Earthmagnetospherns treatedas
a bluntbody andthe gasdynant equationsarenumericallysolvedfor the bow shock
andthemagnetoskathplasmaconditionsgivenasetof solarwind conditiors. Spreiter
etal. [1966] systematicallystuded the influenceof the solarwind Mach numberand
thepolytropic index onthe parameteralongthestagnatiorine andthemagnetosheath

properties.Spreiters modelhasbeenfoundto reproducehe broadcharacteristicof



the plasmaflow aroundthe magnetospheréhe left panelin Figure 1.1), andit has
beenwidely usedin thestudiesn themagnetosheatandits surroundiig regions. The
principalfeatureof theinteractionshavnin theright panelof Figurel.lis acompres-
sion of the plasmadensityacrossthe front of the magnetosheathndjust behindthe
shockfollowed by a rarefactionwave asthe flow expandsbehindthe obstaclewhich
reduceghe densityalongthe magnetopauskoundary The gasdymamic resultshave
beenhelpfulin studyingthe PDL eventhoughthey may not containall the physicsof
themagnetizeglasma.For example,ZwanandWolf [1976] usedthe resultsof Spre-
iter’'s modelto provide a critical boundaryconditionfor the magnetosheatfiux tube
evolution in their PDL study To overcone the temporal-sptial ambiguty in space-
craft magnetosheatbbsenations,Songet al. [1999] developeda modifiedmethodto
correspondsolarwind obsenatiors in the magnetoseathfor the referenceof mag-
netosheattobsenatiors. Their methodalsousedSpreiters modelresultsto provide
the necessaryeferencefor timing, the magnetopausandbow shocklocations and
shockjump conditions Startingfrom the gasdynant flow patternsfrom Spreiters
model,Alksne[1967] usedthe assumptia of the magnetidrozen-inconditionto de-
rive magnetoBeathmagneticfield patternan a kinematc way. Shefoundthatunder
this assumpon the magneticfield increasegdoward the magnetopausand goesto

infinity atthe subsolapoint, contraryto obsenations

However, Spreiters modelis agasdynand modelandnotamagnetohgirodynamic
model, which meansthat the only force controlling plasmamotion in the magne-
tosheathis the plasmapressuregradientforce. Although the magneticfield canbe
obtainedfrom Spreiters model[Alksne, 1967],it is donein a kinematt way andno
magnetidorceis involvedin thecalculation.In orderto stoptheplasmamotion toward
thesubsolamagnetopaus¢heremustbeapressurgradientforce pointing away from
themagnetopausel his correspond$o anenhancementf the plasmadensitytoward

themagnetopauesif thereis nolargechangan theplasmaemperaturétheright panel



of Figure1.1). As aresult,no plasmadepletionlayer occursnearthe subsolamag-
netosheattrom Spreiters model. Unlessthe plasmag (theratio betweerthe plasma
thermalpressureandthe magneticpressure)s muchlarger thanunity in the magne-
tosheathit is improperto usethe gasdynant approacho studythe magnetosheath,
especiallythe PDL. However, when 3 valueis very large andthe magneticforce is
relatvely weak, the behaior of the magnetosbathplasmashouldbe similar to the

gasdynant resultswhich have no plasmadepletionon the magnetopause.

1.2.2 Magnetohydrodynamics(MHD)

Thebig differencebetweertherealmagnetosheatindthegasdynand magnetosheath
is the existenceof the non-ngligible magneticfield. The magneticfield lines pile up
onthemagnetopausandthe plasmais divertedfrom thesubsolapointunderthemag-
neticforcetogethemith theplasmapressuregradientforce. Sincetheearliestheoret-
ical studesrelatedto the plasmadepletionin the magnetosheatfMidgely andDavis,
1963;Lees,1964],the magneticfield hasbeenidentifiedasplayinga crucialrole for
the plasmadepletion. The generalpatternof the corventionalplasmadepletionlayer
obsenatiors: plasmadensitydecreas@andmagnetidield magnitudeenhancemertb-
ward the magnetopaues[e.g., Cummingsand Coleman,1968; Crooker et al., 1979;
Songetal., 1990;Paschmanmtal.,1993;Phanretal., 1994,1997]resembleghatfound
in anMHD slow modewave. Magnetosheatplasmadensityenhancementogether
with magneticfield magnitudedecreaseapstreanof the PDL have beenreportedoy
Songetal. [1990,1992]. The behaior of thesestructuresan anti-correlationof the
plasmadensityandthe magneticfield magnitue alsoresembleshe slov modewave
feature althoughthis slov modepatternis oppositeto thatfoundin the PDL. We note
thatthis slow modedensitycompressioitsupstreanof the PDL densityrarefaction,
very muchanalogougo the fastmodecompressiorandrarefiction foundin the gas-

dynamicsimulation but hereon a larger scale. As we will shav in the dissertatn



this analogousehaior may not be coincidental. Someof the mostimportanttheo-
retical modelsof the plasmadepletionlayer [e.g.,Zwanand Wolf, 1976; Southwood
andKivelson,1992,1995], have alsousedMHD theoryto explain the formation of
the PDL. Almost all the recentattemptsfor numericalsimulaton of the PDL [e.g.,
Wu, 1992;Lyon, 1994;DentonandLyon, 2000; Siscoeet al., 2002] have usedMHD
simulations.However, becaus®f thefinite grid sizesof thoselarge-scalegglobal sim-
ulations, it is difficult to clearly resole the phystcal processesccurringin the PDL
with thosecodes.In thisdissertatiorwe attemptto go beyondthoseearliersimulaton
studiesto addresghe underlyingphyscal processesesponsibldor the formationof

thePDL.

1.3 PDL ldentification

Theplasmadepletionlayeris usuallydefinedasalayeronthe subschr magnetopause
with alower plasmadensityandahighermagnetidield comparedo their correspond-
ing upstreammagnetoBeathvalues.Well documentedneasurementia thisregionare
rare. Thuswe usean eventobsened by Wind spacecrafbn Jan. 12, 1996at around
1700LT is shawn in Figure 1.2 asan example. This eventhasone of the mostclear
depletionfeaturesand stablesolar wind conditions From top to bottom of Figure
1.2 arethe plasmavelocity, the magnetidield magnitue, the plasmadensity andthe
ratio betweenthe plasmadensityand the magneticfield magnitide (N/B) from both
Wind andIMP 8 duringthis event. The basiccharacteristicef a PDL canbe seenin
thisfigure: plasmadensitydecreas@andmagnetidield magnitueincreasdowardthe
magnetopause&sucha PDL structures notcorrelatedwvith plasmaandfield structures
cornvectedfrom the solarwind. The N/B values,insteadof the otherplasmaandfield
parametersnmeasurdhe degreeof flux tubedepletion.Panel(d) of Figure1.2 shavs

thatflux tube depletionoccursalongall the Wind magnetosbathpassageinsteadof
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Figurel.2: Wind (in themagnetosheatl@ndIMP 8 (in thesolarwind) obsenationsfor
theJan.12,1996PDL event As labeledonthetop of thefigure, Wind movesinbound
from the solarwind into the magnetoskathandtheninto the magnetospherd MP 8
provided solarwind plasmaand IMF obsenationsduring Wind magnetosheathas-
sage.Fromtop to bottomare: the plasmavelocity, the magneticfield magnitide,the
plasmadensity andtheratio betweerthe plasmadensityandthe magnetidield mag-
nitude.NotethatIMP 8 magnetidield magnitudevaluesaremultiplied by a factorof
3 andplasmadensityvaluesaremultiplied by afactorof 2.2 for bettercomparisorbe-
tweensolarwind andmagnetoeathobsenatiors. Theverticaldashedinesfrom left
to right correspondo thebow shock,the PDL outerboundaryandthe magnetopause,
respectiely.



beingsolely nearthe magnetopaies In anotherword, thereis no boundarybetween
flux tube depletionand non-depleton in the magnetoskath. However, in the region
closeto the magnetopatesbetweerthe two right dashedinesin Figurel.2, flux tube
depletionis muchstronger The boundarybetweenstrongandweakflux tubedeple-
tion canbe definedasthe outerboundaryof the plasmadepletionlayer. Modelresults
laterin this dissertaton shav thatin somecasest is difficult to find a sharpbound-
ary betweertwo magnetosheattegionswith weakflux tubedepletionandstrongflux
tubedepletion respectiely. In suchcasesthe plasmadensitywill be usedinsteadio
identify the PDL outerboundarywhich usuallyhasmoredistinctfeaturesn the mag-
netosheathSomecurrentlymostoften usedmethodso definethe outerboundaryof
the PDL, e.qg.,the depletionfactormethod[e.g., ZwanandWolf, 1976;Siscoeet al.,
2002]andthe plasmas method[e.g.,Farrugiaetal., 1997],definesomemoreor less
randomlychoserthresholdvaluesfor the outerboundaryof the PDL. In this disserta-
tion, however, | will concentrateon the spatialtrend of the N/B valueor the plasma
densityin the magnetosbath. The outerboundaryof the PDL will be definedasthe
boundarybetweenweak and strongplasmadepletionregionsin the magnetosheath.
Visualidentification,insteadof computerautomatiddentification,will be usedto find

the PDL outerboundaryto accountfor thecomple patterndn themagnetosheath.

Thedefinitionof theinnerboundaryis muchlessaproblem.In obsenationalstud-
ies the magnetopauses the PDL inner boundary In numericalstudies,sometmes
the open-closednagnetidield boundaryis usedconvenientlyto marktheroughmag-
netopausdocation since other parametershov no sharpchange. The open-closed
magneticboundaryseparatethosefield lines with bothendsconnectingo the Earth
andthosewith at mostone endconnectingo the Earth. This definition of the mag-
netopausethusthe PDL inner boundary is widely usedin the dissertatbn. During
the model studiesalongthe stagnatiorine in Chapter6 of the dissertationanother

definition of the magnetopausis used,in which the magnetopausis definedasthe
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Figurel.3: Takenfrom Crooker etal. [1979]. Positiors of IMP 6 magnetopalecross-
ingsin (x,D) coordinateswherex is directedfrom the Earthto the SunandD is

distancdrom the x axis. Elevenof the 17 caseshav densitydepletionin the magne-
tosheathadjacento themagnetopates Thesecasesareindicatedby upwardtriangles.

placewherethe magnetosheatplasmaspeeds closeto zero.

1.4 PreviousPDL Studies

1.4.1 Obsewational studies

Cummingsand Coleman[1968] studiedATS 1 obsenations during several magne-
topausecrossingson Januaryl4, 1967. During thosecrossingstherewasa strong
southward componentof the IMF and the magnetopusewas compressedo ~6.6
Rg from the Earth. They found thatthe magneticfield increasedy 1/3, and parti-
clesmoved away from the region just inside the magnetopausketweenthe first and

thelastATS 1 magnetopauescrossing.

Crooker etal. [1979] studied17 low- to mid-latitudecrossingsf the daysideand
neardaysidemagnetopawesusinglMP 6 plasmameasurementd.helocationsof those

crossingsn their studyareshowvn in Figure 1.3. The magnetopauseasdetermined



MAGNETOPAUSE
L

S—
e
\Qf;ﬁmz

\

l~——-i 1 decade
é T

N

VAN

I m 3- 8_\7g
\\\f

\ 61673
Nt

LOG DENSITY (cm'®)
/%/

TIME r—=i |5 min

Figurel.4: Takenfrom Crooker etal. [1979]. Logarithmc plotsof densityalongeight
IMP 6 orbit ssgmentscrossingthe magnetopauselhe dateof eachorbit is indicated
ontheright. All crossingsvereinboundexceptfor theoneon Februaryl6,1973,for
which the dataareplotted backwardsin time. The slopingstraightlinesfor eachorbit
emphasiz¢he consisteng of the densitygradientadjacento the magnetopause.

e
10 W J\/\/ MAGNE TOPAUSE
or /:\/i\

n {em-3)

18l {y)
o
o
T

. L L 1
UT (hours) 17 8

Figure 1.5: Taken from Crooker et al. [1979]. The averagedensityn, the magnetic
field magnitide |B|, andthe pressureanisotrogy ratio P, /P variation alongthe orbit
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verticaldashedinesmarkthe 180° phaselifferencebetweerthe peaksandtroughsof
thedensityandfield.



by a changan field orientationin all but two casesvhereno field changewvasappar
ent. For thetwo casesthey wereidentifiedby the characteristiagise in temperature.
Elevenoutof the 17 casesverefoundto shav densitydecreasem themagnetosheath
just outsidethe magnetospherboundary Thesedensitydecreasesonsistof a drop
of about~40% from the ambientvalue over a period of about20 min beforeeach
magnetopauserossing.Also, plasmadecreasesccurredundera large rangeof IMF
orientationsincludingsouthwardIMF. Someof thedensitydecreasebeforethemag-
netopauserossingsare shaovn in Figure 1.4. The thicknessof the densitydepletion
rangedrom 0.2to 0.4 Ri basedn spacecraftmotion andthe rangeof the percentage
decreasess 22-58%. No orderingof apparenthicknessor percentagelecreasesac-
cordingto distancefrom the stagnatiorstreamwasfound from their study In 14 out
of 17 casef the magnetosheattlataP, > P, wereobtainedwith arangel.2-1.6.
Usingthe criteria for mirror modeinstablity: 5,/6, > 1+ (1/6.), they foundthat
the magnetosheatplasmain the vicinity of the magnetopausappearedt leastto be
maiginally unstabé to wave growth triggeredby themirror instability. In oneof the17
casesthey foundthe slow modewaves(Figure 1.5), duringthe IMP 6 passeglosest
to the stagnatiorstreamline.The slov modewave occurredafter pressureanisotroy
increaseso thecritical valueandit actedto limit the anisotrojy, which beganto drop
at1810UT in Figure1.5. However, they could not determinewhetherthe slow mode
wave was producedby the mirror mode instabilty in the magnetosheatbr by the

magnetopausmotion.

Paschmanmtal.[1993]analyzed22 AMPTE/IRM passeshroughthelow latitude
magnetopauskegion for which the magneticshearacrosshe magnetopauseasless
than30°. They found,onthe magnetosheatside,a layerof plasmadensitydepletion
(by a factor of two or more) and concurrentmagneticfield pile-up in lessthan half
of the crossings. The depletionlayer was found to be 0.4 Rg thick and was often

characterizedy adropin T, .
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and 25 high-shearmagnetopusecrossings. The key times of the low-shearand
high-shearcrossingsare definedby the times of the protontemperaturechangeand
maximummagneticfield rotation respectrely. The magnetoseathis to theleft and
themagnetosphers to theright of thekey time. Thelow-shearcasesaredisplayedn
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Phanetal. [1994] studied38 low-latitude, dayside(0800-1600.T) magnetopause
crossingdy the AMPTE/IRM satellie to investgatethe variatiors of key plasmapa-
rametersandthe magneticfield in the magnetosheatregion adjacento the dayside
magnetopausd.hey foundthatthe structuresof the key plasmaparameterghe mag-
netic field, andthe dynamicsof plasmaflows in this region dependstrongy on the
magneticshearacrosshe magnetopausasshovn in Figurel.6. Whenthe magnetic
sheaiis low (< 30°), the plasmadepletionlayer existswherethe magnetoskathmag-
neticfield piles up againstthe magnetopausedn the PDL region, the plasmadensity
andthe plasmag aswell asthe protonandthe electrontemperatureare lower than
thatin the magnetosheatproper They foundthatthe conditionfor the mirror mode
instabilty is generallynot metin the PDL wherethe plasmag oftenfalls below 1.
Whenthe magneticshearis high (> 60°), they found thatthe magnetosheattegion
nearthe magnetopausis moredisturbed.The magneticfield doesnot pile up in the
immedatevicinity of the magnetopausandthe mirror modethresholdis mamginally
satisfiedthroughoutthe magnetoskath. We notethatin either casethe sumof the

magnetigressureandthe plasmapressures really constan{paneld).

The corventianal pictureof the plasmadepletionlayer, lower plasmadensityand
higher magneticfield magnitueét comparedo their correspondingipstreammagne-
tosheathvalues,is complicatedby the obsenatiors of Songet al. [1990]. Among
the 26 ISEE 1 and 2 magnetopauspassesearthe stagnatiorine in their study 17
eventsshav plasmadensityenhancementsObsenations for one of sucheventsare
shavn in Figurel1.7. Figurel.8 shawvs the spatialdistribution of the eventswith den-
sity enhancementiSong and Russell,2002]. Only 4 of thesel7 events, however,
correspondo northward B,, andthe othersoccurredduring southvard B, or B,close
to 0. Little heatingwasfoundassociateavith thedensityenhancementyhichimplies
thatdissipaton critical to a shockdoesnot seeman essentiaklementof the structure

[SouthwoodandKivelson,1995].

12



Sep. 17, 1978 ISEE 1

----------

——r— ——r T
w0F T T T T T 3

(C::-a) 20+ ; WMW

JA ]

fo AN 1

ao’k) \:_ B
A s

VX 0 N\V T
Grve) -100 |- \JMMVNW
100 -
Vy —;f&\JM\/‘ "A.A A .Y

0 y
(km/s) '\ N VW TV <A ~Y
100 POV, A
a0 f"\

Sy 20 i M AT U LVESE UV ——j

(nT) '4‘
0 PEEPER U | { | W S S S W S | P S S | R 1

UT 1500 MP 1600 1700 1800

R 9.8 13.4

Lat 23.7 223

LT 1056 1132

Figurel.7: Takenfrom Songetal. [1990]. An inboundmagnetosheathassof ISEE 1.

Themagnetopaudecationis shovn asadashedine in thefigure. Themagnetospére
is to the left of the magnetopausandthe magnetosheatis to theright of the magne-
topause Theshadedegionindicateswvherethe densityenhancementsereabove the

averageupstreammagnetoBeathdensity Thereis aplasmadensitydepletioncloserto

the magnetopaueswith anincreasednagneticfield magnitide anddecreaseglasma
density
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Figure 1.8: Takenfrom Songand Russell[2002]. Spatialdistribution of the density
enhancemenia themagnetosheatmearthemagnetopausieom ISEE 1 and2 magne-
tosheattpasse$Songetal., 1992]. ISEE 1 and2 werein the sameorbit. An example
of the orbit is shavn. ISEE 3 wasupstreamn the solarwind to provide solarwind

conditiors. Openandclosedcirclesindicatethe outerandinner edgesof the density
enhancementshich have beennormalizedo amodelmagnetopausd&.hesurey was
madenearthe stagnatiorstreamline Similar densityenhancementarealsoobsened
in theflank region.
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Figurel1.9: Thetrajectoriesof Geotailand ACE betweernl200and2400UT on Sept.
25, 2000. The left panelshaws the trajectoriesin the GSE z=0 planeandthe right
panelshavsthetrajectoriesn the GSEy=0 plane.

Farrugiaet al. [1997, 2000] studiedISEE obsenatiors and found that the PDL
propertiese.g.,width andstructure arestronglydependenvnthesolarwind Alfv EnMach
number We would expectsucha dependencé the PDL were formedby magnetic
forcesbecausdhe Alfv én velocity squareds proportianal to the magneticpressure

dividedby the plasmadensity

1.4.2 Observational Difficulties
1.4.2.1 The importance of solar wind obsewations

The plasmadepletionlayer occursjust outside of the subsolamagnetopatesin the
magnetosheathThe spacecrafbbsenationsin this region may containseveral con-
tributions: local spatialstructure magnetopauwesoscillations,andchangingsolarwind
conditiors. Solarwind structuresanpropagaténto themagnetosheativhich canpro-
ducenonlocalstructuresn the magnetosheathAlso, the changingsolarwind condi-
tionscausemagnetopausmotion, which canfurther complicatethe alreadydisturbed
magnetosheatbbsenations. Thus,in orderto make surethatan obsenred structure
in the magnetosheatls a real intrinsic spatialstructure,we have to usesolarwind

obsenatiors for comparison.

In orderto shav theimportanceof upstreansolarwind obsenations we hereshav

the GeotailandACE obsenationsbetweerl200and2400UT on Sept.25,2000asan
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Figure 1.10: Comparisonbetweensolar wind obsenationsfrom ACE and magne-
tosheathobsenrations from Geotailbetween1200and 2400UT on Sept. 25, 2000.
Fromtopto bottomare:theflow speedthemagnetidield threecomponentandmag-
nitude,andthe plasmadensity The magneticfield anddensityvaluesare multiplied
by afactorof 3 for bettercomparisorbetweersolarwind andmagnetosheatbbsena-
tions. The ACE obsenationsareshifted49 minutesto accountor thetime neededor
the solarwind structuredo corvectfrom the upstreanspacecrdfto the dowvnstream
one.
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example.Figure 1.9 shawvs thetrajectoriesof the two spacecraftluringthis periodof
time. GeotailprovidedmagnetoBeathobsenationsand ACE providedupstreansolar
wind obsenations. The obsenations of thetwo spacecraftluringthistime periodare
shavn in Figure 1.10. Note the two densitypeaksjust beforethe magnetopatesin
panel(f) of Figurel.10.Withoutsolarwind obsenatiors, we have all thepossibilities,
aslistedabove, for the causeof the obsened doublepeakdensitystructure. Thusno
conclusve resultscanbe obtainedrom singlespacecrafinagnetostathobsenatiors,
exceptthroughstatisical studieswhich is not possiblein mary cases.However, by
comparingboth magnetoseathand upstreamsolar wind obsenrations, we cancon-
cludethatthe specialdensitystructureon the magnetopauseasmainly causedy a
very similar densitystructurefrom the solarwind. Also, it is very unlikely thatthe

motionof the magnetopausis playinga majorrole for this structure.

Becausef obsenationallimitations,thereareno satishctoryupstreansolarwind
obsenatiorsfor somePDL-like structuresiearthemagnetopause themagnetosheath.
Someauthorstried to avoid this difficulty by assumingstablesolarwind conditions
with solarwind parametershe sameaswhata spacecrafbbsenesin the solarwind
beforeor afterits “PDL” encounter However, this methodcanonly work if it hap-
pensthatthereis really no structurein the solarwind duringthe“PDL” encounterAs
we havejustlearnedirom the sampleeventanalysisconclusve resultsaredifficult to

obtainfrom suchstudiesf no solarwind obsenations areavailable.

1.4.2.2 Multipoint solar wind obsewations

As we have just discussedsolarwind obsenations are very important for analyzing
magnetosheathndplasmadepletionlayer obsenatiors. The sameholdstrue for nu-
merical simulationsusingsolarwind obsenations asinput. Whenthereis only one
solarwind monitor, its obsenationsare usuallyusedas modelinput and/orfor com-

parisonwith magnetoleathobsenations aftersimgy shifting themby anappropriate
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Figurel.11: Thetrajectoriesof ACE andWind between2000UT, May 1, 1999and
0800UT, May 2, 1999.Theleft panelshavsthetrajectoriesn the GSEz=0planeand
theright panelshavs thetrajectoriesn the GSEy=0 plane.

amountof time. However, it is possble thatsolarwind structuresanevolve with time

in space especiallyin the foreshockregion upstreamof the bow shockwhereback-
streamingonsslow andheatthesolarwind flow [e.g.,Santy etal., 1996]. Thiscanbe

demonstrateavhenthereare multiple solarwind monitor spacecrafto provide con-

currentsolarwind obsenatiors. Figure1.11shaows thetrajectoriesof ACE andWind

between2000UT, May 1, 1999 and 0800UT, May 2, 1999. Both ACE and Wind

werein the solarwind duringthis period. Figure1.12 showvs the comparisorbetween
solarwind obsenationsfrom thesetwo spacecraft.Differencesas high as 25% be-
tweentheir magnetidield magnituek values andashigh as30%betweertheir plasma

densityvaluesarefound. Therearethreepossiblesourcedor suchbig differences:

1. thepossble errorsin instrunentationandcalibration;
2. theevolution of the solarwind duringits propagatiorfrom onespacecrafto the
other;

3. thepossble spatialstructureof the solarwind.

The first sourceof differencescan be eliminatedthroughbetterinstrumenation and
crosscollaboratiorbetweerdifferentspacecraftHaving solarwind monitas asclose
upstreanof thebow shockaspossibé couldminimize thedifferencegrom thesecond
source.Thethird sourceof differencegeflectsthe structuresn the solarwind. Only
by having enoughsolarwind monitorsto resole thesestructuresanthis problembe

solved. Beforewe fully understandlifferentsimukaneoussolarwind obsenatiors,

18



Solar Wind

660 |
630

600 F

V (km/s)

Bx (nT)
e
~

570 |

By (nT)

Bz (nT)

B (nT)

N (cm™3)

Time (UT)

Figurel.12: Comparisorbetweersolarwind obsenationsby ACE andWind between
2000UT, May 1, 1999and0800UT, May 2, 1999. Fromtop to bottam are: the flow
speedthe magneticfield three componentand magnitide, andthe plasmadensity
The Wind obsenationsare shifted 32 minutesto accountfor the time neededor the
solarwind to corvectfrom ACE to Wind.
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Figurel.13: Thetrajectoriesof Geotailand ACE betweerD000and1200UT on Oct.
1,1999.Theleft panelshavsthetrajectoriesn the GSEz=0 planeandtheright panel
shavsthetrajectoriesn the GSEy=0 plane.

usingtheseobsenationscansometinesleadto differentresults,especiallyin quanti-

tative numericalmodelstudes.

Closelyrelatedis the difficulty of usinga time-varying IMF B, assimulaton input.
Figurel.13shawvsthetrajectoriesf Geotailand ACE betweer0000and1200UT on
Oct. 1,1999.Figurel.14shavsthecomparisorbetweersolarwind obsenationsfrom
ACE andmagnetosheatbbsenationsfrom Geotail. A PDL structureon the magne-
topauses seernwith decreaseglasmadensityandenhanceanagnetidield magnitude.
In globalnumericalsimuations,usuallysolarwind plasmaandIMF obsenationsare
usedasinputfor modelvalidation andspaceweatherprediction. Becauseof the lim-
itationsof obsenatiors, in mostof the casesve do not have simultaneousmultipoint
solarwind obsenatiors to provide reasonablspatiallyresoledsolarwind structures.
In orderto provide solarwind input to drive a globalmodel,certainassumptiaoshave
to bemade.Oneof the mostfrequentlyusedassumptinsis thatall the solarwind pa-
rametersareindependentf thetrans\ersecoordinatey andz. For the UCLA global
MHD modelthat| am usingin the dissertationstudy a plane perpendiculato the
Sun-Earthline is chosen,andthe solarwind inputsare: Vy, Vy, V,, By, By, B,, p,
andp. For compressil# flow thatwe arefacing(V - V # 0), this assumpbn does
not causeary problemfor V, Vy, V,, By, B,, p, andp. This assumpbn produces
0B, /0y = 0 andoB,/0z = 0. Becauseof the magneticfield divergencefree condi-
tion (V - B = 0), we shouldalsohave 0B, /0x = 0. However, thisis not possble if

we have atemporallyvaryingIMF B, obsenations,asthoseshownin Figurel.14.
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Figurel.14:Solarwind obsenatiors from ACE andmagnetosbathobsenrationsfrom
Geotailbetween0000and 1200UT on Oct. 1, 1999. From top to bottomare: the
flow speedthe magneticB,, the magneticfield magnitude the plasmadensity and
the N/B ratio. The magneticfield anddensityvaluesare multiplied by a factorof 3
for bettercomparisorbetweersolarwind andmagnetosheatbbserations The ACE
obsenatiors areshifted50 minutesto accountfor the time neededor the solarwind
to convectfrom the upstreanspacecrafto thedowndreamone.
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Theeasiespracticalsimplificationto avoid this problemis to assumd3 ,=constant
by neglecting all the B, temporalvariations Raederet al. [2001] and Wang et al.
[2003], from their studiescomparingmodelsimuation resultswith spacecrafbbser
vations have shown thattheinfluenceof IMF B, is smallfor themagnetosheativhen
IMF B, is smallercomparedto the other IMF componerd. Farrugiaet al. [1997]
studiedfrom the ISEE obsenations andshoved that B, haslittle effect on the PDL.
The studyof the PDL dependencen the IMF tilt anglein Chapter6 alsoshaws that
littl e influenceis exertedon the PDL from IMF B,, evenwhenIMF B, is largerthan
the other component®f the IMF. Thus, the simplification of IMF B, in the model

validation studyin Chapter3 of thedissertatnis sufficiently justified.

1.4.2.3 Complexitiesin the PDL obsewations

As we have mentionedearlier the structuresn the magnetokeathare subjectto the
influencesfrom several factors. This is the sourceof the compleity for the PDL
obsenatiorsin thisregion. Herewe discusssomeof theimportantonesasanexample
to shav how importantit is to includesystemat globaldynamicmodelsimulationin

thestudy

Figure 1.15 shaws the trajectoriesof the solarwind and the magnetosheathb-
senersfor two PDL eventsbetweenl000and2200UT on Sept.3, 2000andbetween
1300and2100UT onJan.12,1996.ACE andIMP 8 providedsolarwind obsenations
for thesetwo events respectiely. GeotailandWind providedthe PDL obsenatiors,
respectrely, andthey followed very similar trajectoryacrosshe magnetopauselhe
solarwind andmagnetoskathobsenationsfor thesetwo event areshowvn in Figure
1.16.VeryobviousPDL structuresareseenonthe magnetopatesfor bothevents,with
decreaseglasmadensityandincreasednagneticfield magnitde. Meanwhile,there
areno structuresn solarwind obsenationscorrespondingo thesetwo PDL obsena-

tions. Besideshe mary similarities betweenthesetwo PDL evens, e.g.,flow speed
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Figurel.15: Theleft two panelsshawv thetrajectoryof Geotailbetweerl000and2200
UT on Sept.3, 2000in the GSEz=0planeandy=0 plane,respectrely (ACE wasnear
theL1 point, whichis notshavn here). Theright two panelsshav the trajectoriesof

Wind andIMP 8 betweenl300and2100UT onJan.12,1996in the GSEz=0 plane
andy=0 plane,respectiely.

enhancemenbwardthemagnetopaues onemajordifferencebetweerthesewo events
is the changingpatternof the magneticield magnitue acrosgshe magnetopausd-or
thefirst event, a gradualtransitian is seenin which the magnetopauses actingmore
like a rotationaldisconinuity. For the secondevent, an abrupttransiton is seenin

which the magnetopausis actingmorelik e a tangentialdisconinuity. Thesediffer-

encesnightberelatedto theparticularsolarwind conditiors thatthey experiencedgnd
the globaldynamcs of the magnetospére systemduringthesesolarwind conditiors.

Also, themagnetopauserossingccurredat (2.93,15.17,2.96)Rg, for thefirst event
and(-2.47,15.57,-0.12) Ry for thesecondvent. Thesedifferentlocationsmightalso

contributeto differentcrossmagnetopausgatterndor thesetwo evens.

Figure 1.17 shaws the trajectoriesof Geotailand Wind for two evens between
1000and2200UT on Jun. 25, 1998 and between0700and 1900UT on Nov. 27,
1999 respectiely. Wind providedsolarwind obsenationsandGeotailprovidedmag-
netosheatlbsenationsfor thesetwo events In bothevents,northwardB,, is seenjust
onthemagnetopausé&olarwind andmagnetosheatbbsenatiorsfor thesewo events

areshaown in Figure1.18. The trendsof the densityandthe magneticfield structures
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Figurel.16: The solarwind andmagnetosheatbbsenationsbetweerl000and2200
UT on Sept. 3, 2000(left) andbetweenl300and2100UT on Jan. 12, 1996(right).
ACE provided solarwind obsenatiors and Geotailprovidedmagnetosheatbbsena-
tions for the first case. IMP 8 provided solarwind obsenationsand Wind provided
magnetosheatbbsenations for the secondcase. From top to bottomare: the flow
speedthe magneticfield threecomponentand magnitude the plasmadensity and
the N/B ratio. In thefirst time period,the magneticfield anddensityvaluesare mul-
tiplied by a factorof 3, andin the secondtime periodthe magneticfield magnitude
valuesaremultiplied by a factorof 3 andthedensityvaluesare multiplied by a factor
of 2.2,for bettercomparisorbetweersolarwind andmagnetosheathbsenations. The
ACE obsenationsin thefirst caseareshifted1 hourto accounfor thetime neededor
the solarwind to corvect from the upstreanspacecrafto the downsteamone. The
IMP 8 obsenationsin thesecondctasearenot shiftedbecauséMP 8 wasvery closeto
thebow shock.
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Figure1.17: The left two panelsshow the trajectoriesof Geotailand Wind between
1000and2200UT onJun.25,1998in the GSEz=0planeandy=0 plane respectiely.
Therighttwo panelsshow thetrajectorieof Geotailandwind betweer0700and1900
UT onNov. 27,1999in the GSEz=0 planeandy=0 plane respecitiely.
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Figurel.18: Solarwind obsenatiors from ACE andmagnetosbathobsenationsfrom
Geotailbetweerl000and2200UT onJun.25,1998(left) andbetweer0700and1900
UT onNov. 27,1999(right). Fromtopto bottomare:theflow speedthemagnetid,,,
themagnetidield magnitude, theplasmadensity andtheN/B ratio. In bothpanelsthe
magnetidield anddensityvaluesaremultiplied by afactorof 3 for bettercomparison
betweensolarwind and magnetoseathobsenations. The Wind obsenrationsin the
left eventareshifted17 minutesto accountfor the time neededor the solarwind to
cornvectfrom the upstreanspacecréfto the downsteamone. The Wind obsenrations
in theright eventarenot shiftedbecausét wasvery closeto thebow shock.
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Figure1.19: The left two panelsshow the trajectoriesof Geotailand Wind between
0700and1900UT onSept.15,1999in the GSEz=0planeandy=0 plane respectiely.
Theright two panelsshaw thetrajectoryof Geotailbetweenl400UT onJun.9, 1999
and0200UT onJun.10,1999in the GSEz=0planeandy=0 plane respectrely (Wind
trajectoryis notshavn becausét wasfar upstreamrmearthe L1 point).

onthe magnetopaustr thesetwo event arevery different. For thefirst event,there
is a plasmadensitydepletionon the magnetopawes However, thereis no magnetic
field pile-upandthe magneticfield magniudeis very flat in this region. For the sec-
ond event, thereis an obvious magneticfield pile-up signatureon the magnetopause.
However, the plasmadensityis very flat with a very smalltrend of depletion. There
canbesereralreasongor suchabig differencebetweenhesetwo events,e.g.,differ-
entspacecraftrajectoriesn the magnetokeathanddifferents values.Note thatthe
plasmaspeedexceedshe solarwind speechearthe magnetopauskr thefist eventin
Figure1.18. This canoccurdeepin therarefactionregion alongtheflank andit is far

from the subsolaregion.

Figure 1.19 shaws the trajectoriesof Geotailand Wind for two event between
0700and 1900UT on Sept. 15, 1999 and between1400UT on Jun. 9, 1999and
0200UT onJun. 10, 1999. Wind provided solarwind obsenationsand Geotail pro-
vided magnetosheatbbsenatiors for both events,asshovn in Figure 1.20. In the
first event, therewas continuais northward B, nearthe magnetopause-owever, no
PDL structureis seen. The magnetosheathktructureswere highly influencedby the
solarwind, especiallyfor the plasmadensity Insteadof beingdepletedthe plasma
densityincreasedslightly toward the magnetopawes The magneticfield magnitude

increasedrery littl e andno cleardensitystructureis seenon the magnetopausexcept
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Figurel.20: Solarwind obsenatiorsfrom Wind andmagnetosheatbbsenrationsfrom

Geotailbetweer0700and1900UT on Sept.15, 1999(left) andbetweenl400UT on

Jun. 9, 1999and0200UT onJun. 10,1999(right). Fromtop to bottomare: the flow

speedthemagnetid,, themagnetidield magnitide,the plasmadensity andthe N/B

ratio. The magneticfield andthe plasmadensityvaluesin both eventsare multiplied

by afactorof 3 for bettercomparisorbetweersolarwind andmagnetosheatbbsena-
tions. The Wind obsenations areshifted17 minutesin theleft paneland35 minutes
in theright panelto accountor thetime neededor the solarwind to corvectfrom the
upstreanspacecrafto thedownsteamone.
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Figurel.21: Thetrajectoriesf Geotailand ACE betweer0500and1700UT on Oct.
15, 2000. The left panelshaws the trajectoriesin the GSE z=0 planeandthe right
panelshavsthetrajectoriesn the GSEy=0 plane.

the corvecteddensitystructurefrom the solarwind. In the secondevent, continuaus
southvard B, wasobsened nearthe magnetopause-owever, clearPDL structureis
seen,with enhancednagneticfield and decreaseglasmadensity Meanwhile,this
PDL could not be causedy the corvectian of solarwind structures.Andersonet al.
[1997]foundthatthe PDL couldexist for soutlward IMF whenthe dynamicpressure
is strongso thatreconnectiorcannot competewith the magneticfield piling up pro-
cess.Farrugiaet al. [1997] alsofound evidenceof a plasmadepletionlayerwhenthe
IMF waspointingsouthusinglSEE obsenrations In panel(e) for bothevens, we see
clearflux tubedepletionnearthe magnetopauserhis further confirmsthe important

role of the N/B ratio for the PDL study

Figure 1.21 shaws the trajectoriesof Geotailand ACE between0500and 1700
UT on Oct. 15, 2000. ACE provided solarwind obsenations and Geotail provided
magnetosheatbbsenations which areshavn in Figure1.22. Therewerevery stable
solarwind conditionsduring this event, exceptfor someoscillatiors in IMF B, and
B,. However, the obsered densitystructuremearthe magnetopauseere far from
smooth It is mostlikely that magnetopausescillations were responsiblefor the
disturbedmagnetosheatbbsenations Thesemagnetopauwsoscillations were more
likely causedyy the magnetospéredynamicevolution thanbeingdirectly affectedby
solarwind variatiors. It isimpossble for themodeldackingmagnetospherynamics

to give reasonabl@xplanaton for suchobsenations. In addition,(quasi)stablesolar
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Figurel.22: Solarwind obsenatiors from ACE andmagnetosbathobsenrationsfrom
Geotailbetween0500and1700UT on Oct. 15,2000. Fromtop to bottam are: the
velocity threecomponerg and magnitule, the magneticfield threecomponerg and
magnitue, andthe plasmadensity The magneticfield and densityvaluesare mul-
tiplied by a factorof 3 for bettercomparisorbetweensolarwind andmagnetosheath
obsenatiors. The ACE obsenationsareshifted1 hourto accountor thetime needed
for the solarwind to convectfrom the upstreanspacecrafto thedownstreanone.
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Figurel.23: Thetrajectorief GeotailandWind between600UT on Sept.20,1999
and0100UT on Sept.21,1999. Theleft panelshavs thetrajectoriesn the GSEz=0
planeandtheright panelshavs thetrajectoriesn the GSEy=0 plane.

wind conditionsarenot sufficientto producea stablemagnetopause.

Figurel.23shawvsthetrajectoriesof GeotailandWind betweenl600UT on Sept.
20, 1999and0100UT on Sept. 21, 1999. Wind provided solarwind obsenrations
andGeotailprovidedmagnetosheatbbsenatiors, which areshovn in Figure1l.24.A
PDL structurewasdeveloped on the magnetopauswith magneticfield enhancement
and plasmadensitydecreaseand therewas no suchstructurein the corresponding
solarwind obsenations The southward B, when the spacecrafpassedacrossthe
magnetopausgroducedsmallbut obvious signature®f reconnectionwith decreased
magneticfield and enhancedglasmadensity Thusboth magneticfield pile-up and

depletioncoexistedin this event

1.4.3 Theoretical studies

Similarto the obsenationsof the solarwind which followedthetheoreticalprediction
of its existence the plasmadepletionlayerwasalsofirst predictedoy theoreticaktud-
ies beforeit wasobsenred. Midgely and Davis [1963] presentedne of the earliest
gualitative studiesof the physicsin the magnetoleathwith the consideratiorof mag-

neticfield effects. They concludedhatthereshouldbe a layerin the magnetosheath
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Figurel.24:Solarwind obsenratiors from Wind andmagnetosheatbbsenatiors from
Geotailbetweenl600UT on Sept. 20,1999and0100UT on Sept. 21, 1999. From
top to bottomare: theflow speedthe magneticB,, the magneticfield magnitue, the
plasmadensity andthe N/B ratio. The magneticfield anddensityvaluesare multi-
plied by a factorof 3 for bettercomparisorbetweensolarwind and magnetosheath
obsenatiors. The Wind obsenationsare shifted20 minutesto accountfor the time
neededor the solarwind to corvectfrom the upstreanspacecrafto the downstream
one.
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Figure1.25: Takenfrom ZwanandWolf [1976]. Idealizedsketchesof the squeezing
processat successie times Ty, Ty, andT3. As plasmamovesaroundthe magneto-
sphereflux tubesbecomedrapedaroundthe noseof the magnetospére.

next to the magnetopause which the plasmadensitywas depleted. By studyng
a very simplified axis-symnetric flow configuration Lees[1964] analyzedhe effect
of the magneticfield in the magnetosheathnd predicteda densityminimum at the

stagnatiorpoint.

Thefirst comprehensitheoreticaplasmadepletionayerstudywasconductedy
ZwanandWolf [1976]. The evolution of a singlethin flux tubemoving into the mag-
netosheattirom the solarwind wasinvestgatedin their study Two processesvere
proposedor depletingtheflux tube(shavnin Figurel1.25):first, by deflectingplasma
aroundthemagnetosphenie bow shockpushegplasmaoutalongthefield linesaway
from thenoseof themagnetosphersecondthecompressionatresexertedon mag-
netosheatlilux tubesnearthe nosetendsto squeezelasmaout alongthefield lines,
further depletingthem. They consideredhe frozen-ininterplanetarymagneticfield
to be convectedtangentialto the magnetopuse without assunmg axis-symmetig as
what Lees[1964] did. In their study they calculatedthe motion of a thin flux tube
in the magnetosheathSpreiters modelresultsnearthe subsolaregion were usedto
provide crucial pressuréboundaryconditionsfor the flux tubemotion. A comparison
betweertheresultsof ZwanandWolf [1976] andLees[1964]is shavn in Figure1.26.
However, thereareintrinsic discrepanciesn ZwanandWolf’s model. In their calcu-

lation, they useda magnetidorcealongmagnetidield line to squeeze@utanddeplete
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Figure1.26: Takenfrom ZwanandWolf [1976]. A comparisorof Zwan-Wblf model
densityprofileswith onecomputedoy Lees[1964]. All curvesarefor M 4(SW)=5.8.
Zwan andWolf usedy = g andLeesusedy = 2. Thedensityp, is the densityjust
postshock.

flux tube. However in ideal MHD thereis no sucha force. Although they pointed
out thattheir soluions correspondo the slow modewavesexpandingalongthe flux
tube, the function of the wave in moving plasmais contraryto the slov modewave
propertiesj.e., moving plasmainto the noseof themagnetopaus@asteadof movingit

out[SouthwoodandKivelson,1992].

Basedontheslow modeobsenationsby Songetal. [1990], SouthwodandKivel-
son[1992] consideredhe evolution of plasmaandfield nearthe magnetopaustom
the point of view of MHD waves. Similar to the formation of the bow shock,the
slow modewave canalsopropagataipstreamnto form a slov modefront in the mag-
netosheathasshavn in Figure 1.27. They believed that the slow modefront should
attacheitherto the magnetopauser to aregion of compressedndstagnatingplasma
pressedip againsthenose.Becausef thebendingof thefield line towardthemagne-
topausethey expectedthatthe sourceregion is spatiallyextendedandthatthe actual

front becomesdentifiableonly away from the Earth-Sunline. They madea detailed
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Figure1.27: Takenfrom Southwod andKivelson[1992]. A sketchshows the flow
structureupstreanof the subschr magnetopausé-hereis a field compressiomegion
with roughlythe propertiesof ZwanandWolf’s flux tubeimmediatelyadjacento the
magnetopausddowever thefield is notalignedwith theouterboundaryof theregion.
Field lines threadingthe compressiomregions bendtoward the Sunand entera field
rarefactionregion which is immedately behinda slov MHD wave front. Outsidethe
front thefield threadgheincoming magnetosheattow.

analysisof the point sourceemitting the slov modewaves and pointed out that, at
the slow modefront, the upstreanflow velocity normalto the front mustbe exactly
equalto the phasespeedof the wave in the directionof the normal. As the plasma
approachesowardthe magnetopauséehe normalcomponenof theflow continuedo
slow andthevelocity rotategowardanorientationparallelto themagnetopaudeound-
ary. Theslowing down of the flow componenin the front normaldirectionis linked
to anincreaseof density Sucha motion alsoinevitably modifiesthe field strength.
Sincemagneticfield enhancemenwill excite fastmodewaveswhich are capableof
propagatingaway to the upstreampnly a magneticfield decreasean correspondo
thedensityenhancementearthe magnetopausé:his scenariowill notautomattally
leadto the boundaryconditionon the magnetopauswith the alignedfield line. For
thistheauthorgroposedo solve Bernoulli’'s flow equationgo make thefield andflow

fit the specificmagnetopauseoundaryconditiors.
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Figure 1.28: Sketchof the basicstructuref the subsoar magnetoseathflow taken
from Southwood andKivelson [1995]. In the figure, thereare structureswith large
phystcal parametervariatiors occurring at the bow shock, the magnetopausethe
plasmadepletionlayer andthe slov wave front. They areall constrainedo limited
regions.For theotherpartsthatoccupy mostspacen themagnetosheatismoothflow
andfield domirate.

Later, SouthwoodandKivelson[1995] providedarationalizedscenaridor theflow
structurenearthemagnetopausattemptng to reconcilethediscrepanciebetweerthe
Zwan andWolf [1976] modeland Southwood andKivelson[1992] model. They be-
lievedthatthe detachedegionsof enhancediensityandthe depletionlayer adjacent
to themagnetopausareactuallymanifestatios of a single phenomenonin their nev
scenarioasshavn in Figure1.28,threeregionswereidentifiedin the magnetoseath:
(i) anupstreanregion wherethe flow is insufficiently deflectedto move aroundthe
boundary;(ii) afrontal region wheredeflectionof the flow is impased; (iii) aregion
of depletionagainstthe magnetopausédn thesethreeregions,normalmagnetosheath
densityandmagnetidield, compressedensityandrarefiedmagneticfield, andcom-
pressednagneticfield andrarefieddensityexist, respectiely. Thefield linesarenot

alignedwith the outerboundaryof the plasmadepletionregion. The plasmacompres-

sionresultsn anetforce exertedonthe plasmaatthefront which causeshedeflection
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Figure 1.29: Taken from Wu [1992]. Distribution of p, v,, and B, along the
Earth-Surine from thepostbow shockto themagnetopauseormalizeddy p, = 3.26,
vg0 = —1.58, and B,y = —1.63, the downgreamvaluesof the shockfrom the jump
relations. The thick curvesare from MHD simulation andthe thin curvesare from
theorybasedn staticflow, Lees’results andadiabaticcondition.

of theflow away from the noseof the magnetosphereOn thosepartsof thefield line
whichcrossedhefront, thereis motionaway from thenose.This flow, inducedby the
slow front, givesriseto a depletionnearthe nose. Thus,this new pictureintroduces
into Zwan andWolf picturea mechanisnfor “squeezing”the plasmaalongthefield
andsqueezehe magneticflux to enhancehe magneticfield. Justlike a standingfast
modewave which hasa compressin (thebow shock)andanexpansionfanalongthe
flankswherethe densitydecreaseshe slow modewave canalsobe associatedvith a
compressiondlront andan expansionfan. Sincethe slov modewave is slower than
fastmodewave the structuremustappeamuch closerto the magnetopaws Since
the wave is guidedby the magneticfield and cannotpropagatasotropcally like the
fastmode,it musthave arestrictedregion of occurrenceandthusbe moredifficult to

obsenre.

1.4.4 Numerical Studies

Wu [1992] madethe first simulaton of the large-scalethree-dimensionad/IHD flow
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Figurel.30: Takenfrom Lyon[1994]. Density(solid line) andmagnetidield strength
(dashedine) asa functionof radialdistancehroughthe magnetosheattor the calcu-
lationwith B, = 5 nT (theleft panel)and B, = 20 nT (theright panel).Theline isin
thexz planeandstartsat about2 Ry, from the Sun-EartHine.

in the magnetosheatwith a perfectlyconductirg sphereasthe magnetopauseCom-
parisonbetweerhis resultsandsomeothermagnetokeathresultsalongthe Sun-Earth
line is shavnin Figure1.29. The PDL is seenon the subsd¢ar magnetopausiom his
results.However, his simulaton producedmuchlarger PDL thicknesghanobsened,

whichwasattributedby Lyon[1994]to the high numericaldissipaion in Wu’s model.

Lyon [1994] usedMHD simulatonswith lessnumericaldissipaton and similar
boundaryconditiors to studythe magnetokeathpatternandthe PDL structure. He
found that slov wave modescould only exist for low Mach numter case(the right
panelof Figurel.30)andno evidenceof suchmodewavesexist for typical solarwind
Mach number(the left panelof Figure 1.30). This is inconsiséntwith somemagne-
tosheathslov modewave obsenatiors which cover awide rangeof solarwind condi-
tions[Songetal., 1990,1992]. Lyon wasunableto determinewhetherthe obsened
densityenhancemenis anideal MHD phenomenoror not. Finally, he arguedthat
greatemresoluton is neededo studythe stagnaton region andthe nearmagnetopause

structurefor high Machnumbersolarwind flow.
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Erkaes etal. [1999] useda three-dimensionahne-fluid,steadystateMHD model
of the magnetosheattiow nearthe subsolatine to studythe plasmadepletionin the
magnetosheatilheir modelallowedfor unequalplasmapressureperpendiculaand
parallelto the magneticfield, and they assumedhat the total pressurevas normal
to the magnetopauseThey found thatthe density the parallelandthe perpendicular
temperaturethe plasmapressuresandthe plasmag all decreasedoward the mag-
netopause.Anisotropy wasfound to have considerablesffect on the densityprofile
andtheaccelerationn bothfield directionswasaffectedby the decreasinglensity In
contrastDentonandLyon [2000] alsostudiedtheeffectsof pressurenisotroy onthe
magnetosheatsiructureusinga two-dimengonal MHD modelwith anisotropt pres-
sure.They assumed flux surfacemagnetopausandfoundthatthe exactform of the
parallelpressurggradientforce might not be crucialfor globaldynamicsof the PDL.
The anisotroy led to a largerbow shockstandof distancecomparedo theisotropic
casedueto thedifferencein perpendiculapressure.Their resultsalsoimply thatthe
effectsof pressuranisotroy might be evenlessfor athree-dimenginal systemthan

for atwo-dimensbnalsystem.

Siscoeetal. [2002] sumnarizedfour importantMHD effectsin themagnetopause
boundarylayerandthe magnetosheatthatcannot be producedoy gasdynant mod-
els, one of which wasthe plasmadepletionlayer. A cleardependencef the PDL
thicknesson the IMF clock anglewas found from their global MHD simuation re-

sults,which areshown in Figure1.31.

1.5 Purposeof the Dissertation

Sincethe earliestpredictionsof the plasmadepletionon the magnetopuse[Midgely
andDavis, 1963;Lees,1964], significantprogreshasbe madein obsenational the-

oretical,andnumericalstudesin understandinghe plasmadepletionlayer However,
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Figurel.31: Takenfrom Siscoeetal. [2002]. Thenormalizedplasmadensityalongthe

stagnatiorstreamlinefor differentIMF conditions. Anglesspecifythe clock angleof

thelMF. Thetwo verticallinesin eachpanelshov wherethevelocity goesto zero(the
stagnatiorpoinf) andwherethedensitydropsto half its post-shok value(to determine
thethicknessof the depletionlayerby the ZwanandWolf criterion).

mary problemsaboutthe structurestill exist or arenotfully understoodecausef the
complitiesshovn in our earlierdiscussdn. Are MHD effectsandpressurasotropy
sufficient to describethe plasmadepletionlayer? Is the PDL a stableor transient
structure™How doesthe PDL dynamicallyrespondo transiensolarwind conditions?
Whatis thespatialextenson andglobalgeometryof the PDL?Whatis responsibldor
the formationof the PDL? How doesa flux tubegetdepletedn the magnetosheath?
Doesslow modefront exist in the magnetosheath®hatis the exactrole of the slow
modewavesfor the PDL? How is the PDL dependenbn solarwind conditionsand
the Earth dipole tilt? The purposeof this dissertathn study s to investgatethese
importantquestios aboutthe plasmadepletionlayer, andtry to provide somemore

understandingf the backgroundhysicsfor its formation
Thedissertationis organizedn thefollowing way:

In Chapter2, | will carryoutthederivation of the MHD equationgrom thekinetic
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theory(Vlasov equatiorandMaxwell’s equations)Assumptonsusedin practicedur-

ing thederivation areemphasizeavhich provide limitationsfor applyingMHD theory
Furtherl will shawv thattheresistve MHD equationsreapplicablefor the PDL model
study In thesecondartof thischapteyl will giveadetailedntroductiontothe UCLA

globalMHD model,includingmodelgrids,initial andboundaryconditions numerics,
andparallelization.Specialissueselatedto the modelstudyof the PDL will alsobe
discussedincluding the modelresolution,IMF B, problem,andthe shifting of grids

for the bestresolutionarounda spacecraftrajectory

In Chapter3, | will addresghe validation of the UCLA globalmodelin studying
the PDL. Global modelsimulatons for two PDL events,Jan. 12, 1996andJan. 1,
1999, are performedwith solarwind obsenatiors asmodelinput. Model resultsare
comparedwith in situ PDL obsenations. Overall good consisteng betweenmodel
resultsandobsenationsimpliesthatthe globalmodelcangive reasonabléescription
of the formalismof the plasmadepletionlayer Somedetailedanalysesarealsocon-
ducted,ncludingthe effectsof the solarwind structuresn themagnetosheathndthe
spatial-tempral ambigutiesin obsenationsthatcanbe avoidedusingmodelsimula-

tions.

In Chapter4, amodelsimuation is conductedisingnormalsolarwind conditions
with northward IMF. Detailedforce analysisis conductedor the modelresultsin the
magnetosheattrorcesresponsibldor theformationof the PDL arestudiedandboth
the pressurgyradientforce andthe magnetidorce play importantrolesfor controlling
themagnetoleathflow andfield patternwhichis drasticallydifferentfrom Spreiters
modelresults. Detailedflux tube depletionin the magnetosheatis investgatedand

theresultsarecomparedvith ZwanandWolf’s flux tubedepletiondescription.

In Chapter5, the role of the slov modefront for the formation of the PDL is
addressedResultdrom globalsimulationsarestudiedwhich show thattheslow mode

front may not play animportantrole for PDL formation. Specifically the slov mode
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front doesnot exist in the GSEz=0 planewherethe PDL exists

In Chapter6, the detaileddependencef the PDL and the slov modefront on
the solarwind velocity anddensityp, IMF tilt andclock anglesandthe Earthdipole
tilt, is investgated. Differentdegreesof dependencef the PDL on theseconditions
arefound. Comparisorwith earlierresultsare alsodiscussedvith consistenciesnd

inconsisencies.

In Chapter7, | will summarizehe resultsof this dissertatbn study Finally, | will

proposeuturework whichwould leadto betterunderstandig of the plasmadepletion

layer.
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CHAPTER 2

MHD Theory and Global MHD Simulation

2.1 Intr oduction

As we have shavn in Chapterl, MHD theory hasbeenusedwidely in describing
the formation of the plasmadepletionlayer. It is alsoa fundamentabasisfor the
global modelthat | am usingin the dissertatn study However, thereare certain
restrictionsfor thevalidity of MHD theory It is importantthatwe know thoserestric-
tionsandmalke surethattheregionin the dissertatiorstudyfits thoseconditions Al-
thoughMHD theoryhaslong beenestablishedo describethe macroscopi@volution
of plasmasystem[e.g., Montgonery and Tidman, 1964; Clemmav and Dougherty,
1969; Barakatand Schunk,1982; Parks, 1991], in this chaptey | will still discussin
detailhow the MHD equationsare derived from somebasicequationsVlasov equa-
tion and Maxwell’s equations. The Sl systemof units will be usedthroughoutthe
derivation andin all the dissertatia. After this the strongpointsand limitations of
MHD theorywill becomevery clear Specialattentionwill be givento the assump-
tionsusedin derving the MHD equationsyhich have to befollowedin practice.We
find that,for the caseof the plasmadepletionlayer, all thoseassumptinsarebasically
metor arenotveryimportantfor the PDL. After thatl will give adetailedintroducton
to the UCLA globalmodelusedin the dissertatiorstudy including the modelgrids,
the initial and boundaryconditiors, the core algorithms, and parallelization. Some

modelissuesspecificallyrelatedto the PDL studywill alsobediscussed.
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2.2 From Kinetic to MHD

Therearevariousparticlespeciesypically foundin theEarthmagnetospere-ionosphere
systemandthe interplanetaryspacejncluding chagedparticlesandneutralparticles.
However, fartheraway outsideof theinnermagnetospherethereneutralparticlesdo
play significantroles (say causingPedersemndHall conductvity in theionosplere,
andbeingresponsit# for thelossmechanisnin thering currentregion), therole of the
neutralparticlesis muchwealer comparedo thatof the chagedparticles.Especially
for processe# the Earth's magnetoskathandthe solarwind we cansafelyassume
thatonly chagedparticlesexist. Althoughprotonsgenerallyconstiutethe majority of
theionsin spacetherearealsootherion speciegpresent.For exampk, cold O* ions
canbeaccelerateffom theionospherendpropagaténto themagnetospérelobeand
mantleduring magneticstormsand substorrs [e.g., Sekiet al., 1998], andthe solar
wind usuallycontains~5-10%He* ™ ions. Theseminor ion speciesn the magneto-
sphereandtheinterplanetaryspacecancausesomeeffects,for exampk wave particle
interactions.However, in mary casesgspeciallyfor the studyof the large scaleevo-
lution of spaceplasmastherehasbeenlittl e evidenceto shav thatthe inclusion of
thoseminar ionswould significantlychangehe generaresults. Thereforel assumen
this studythatthe solarwind andmagnetoghericplasmaconsistsolelyof protonsand

electrons.

For a non-relatvistic chaged particle,the motion of the particleis controlledby
theLorentzequation(assuminghereareno otherforcesthantheelectricforceandthe
magnetidorce):

mcfi—‘tf =q(E+ v x B), (2.1)

herem is theparticlemassy the particlevelocity, ¢ the particlechage, E theelectric
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field, andB the magnetidield. Thetrajectoryof the particleis givenby:

dx

Togethewith Maxwell’s equationsandthe equationsor chage densityand current
density the whole equationsystemis closed. Theoretically if we cantraceall the
particlesin thesystemhatwe arestudying,all the physcs canbe obtainedunlesshat
is notincludedin theseequationse.g.,non-electromagnetigarticleinteractions.This
is the foundationnot only for the particle simulatons, but alsofor othersimulations

andtheplasmatheories.n (2.1)and(2.2), thereareseveralintrinsic scales:

Spatialscales: particlegyroradiugp, = %
ion inertial length(d;=c/wy;=c/ \/W)
electroninertial length(d.=c/w,.=c/ \/W)
DebyelLength(\p = (%)1/2)
Temporalscales: particlegyroperiod(T, = 2;—;”)
ion plasmafrequeny (wp; = (nieQ/eomi)l/Z)

electronplasmafrequeny (w,. = (ne€2/60me)1/2)

Many importantplasmaprocessearevery closelyrelatedto thesescalesg.g.,plasma
ion cyclotronwavesandwhistlerwaves.In orderto resole oneprocessthenumerical
grid sizeandthe time stepof a simulation would have to be much smallerthanthe
spatialandtemporalscalesrequiredfor the respectre process.In practice,however,
it is very difficult, especiallyfor large scalespacesimuations,to resolve someof the
small scalesbecauseof the large amountof computaibn neededor tracinga huge
numberof particles.Evenin mary smallscalesimulatians, strongconstraintdhave to
be madeto make calculationgossilte, e.g.,the numberof particlesin a grid cell and
theratio betweenon massandelectronmass. To overcomethe difficulty of particle

simulationsin large scalesthe equationsve mentionedabove needto be simplified.
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Amongthesesimplifiedequatiorsets MHD equationsarecurrentlythe only practical

setfor large scalesimulationsof the Earth's magnetosphere.

An ensemblef particlescanberepresentely a particledistribution function:

fa = fa(t,x,y,z, Uwavyavz)a (23)

wherea refersto the particlespeciesand f,, defineshe particlephasespacedensityat
location(z, y, z) for particleswith velocity (v, v, v,). Thenumberdensityat(z, y, z)

is givenby:
n(t,x,y, z) ///f(t,x,y,z,vw,vy,vz)dvmdvydvz. (2.4)

The evolution of the particle phasespacedensityis describedoy Fokker-Planck

eqguation:

Dfo _ 0fa da _ (9/fa
DI _W+V'vf“+m—a(E+VXB)'V"fa_(W E (2.5)
hereg, is the particlechage, m,, the particlemass (3fa) the rateof changeof the
particledistribution by collisions thatare not describedy the Lorentzequationwith
themacroscaldZ andB. Notethatv hereis nottheflow velocity of the particles,but

anindependentariable.

Plasmarlype Ap (M) Np
Solarwind 10 10%
Magnetosphere 10? 10

Table2.1: Typical A\p and N, for theinterestedspaceervironment(takenfrom Kivel-
sonandRussell[1995])

Thetreatmenbf thephase-spacgistibutionfunctionsis valid only whenthenum-

ber of particlesin a DebyesphereNp, is muchlargerthanone[e.g., Kivelson and
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Russell,1995]. This meanghata systemcaneffectively shieldsingleparticleeffects
suchthatthefield, E andB, neednot to includemicroscopiceffects. This condition
introducesa spatialscalefor the problemsthat we can addresausing (2.5), namely
the Debyelength,\p. Thetypical Ap andthe numberof particlesin a Debyesphere,
Np, for the spaceervironmentthatwe areconcernedvith arelistedin Table2.1. For
theouterEarthmagnetospereandtheinterplanetaryspaceenvironment,the collision
frequencieareusuallyvery smallsothatthey canbe negglectedin (2.5). Thisleadsto

Vlasov equation:

Df. 0fa o _
o _E—i_v Vfa+m—a(E+v><B) V., fa=0. (2.6)

In principal,equation(2.6) for all particlespeciestogethemwith Maxwell's equations
andthe definitionsof the chage densityandthe currentdensity cancompletelyde-
scribesa plasmasystem. Wave particleinteractionsare includedself-consistery in
(2.6),insteadof in theright handtermof (2.5). Equation(2.6)is alsocalledLiouvill e’'s
theoremwhich stateghatthephase-spacaensityis constanalonga particletrajectory

if thereareno collisions.

By multiplying (2.6) with differentpowersof v: 1, v, vv, ... andthenintegrating
them over v, we obtainthe moment equationswhich expressthe plasmain terms
of the macroscopiwariablesthat we commonlyusein practice. Thesemacroscopic

variablesaredefinedin termsof thedistribution function, f,,, asfollows:

ne = / Fadv, 2.7)
1

vV, = n—a/vfadv, (2.8)

Pa = NaMq, (2.9)

vV = _Z (pava)/ _Z Pas (2-10)

P, = ma / (v = V)(v = V) fadv, (2.11)
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Q@ = 5 [[0=v)?(v=V)] fadv, (2.12)
ja = Qavaa (213)
po = 2 [(W=V)fadv, (2.14)

herem,, isthemassandg,, is thechageof ana particle,n,, Va, par Par Qas jo, @and
11 arethe numberdensity the bulk velocity, the massdensity the thermalpressure,
the heatflux, the currentdensity andthe internalenepgy densityof the o particles,
respectrely, andV is the centerof massvelocity. In (2.7),(2.8),(2.11),(2.12),and
(2.14),we shouldcarry out the integration from —oo to co. For simgicity hereand
in somelater partsof the derivations, we omit sucha rangefor integratiors. In the
following, | will derive the 0t*, 1%, and 2"¢ momentequationsof Vlasov equation,
which arealsocalledthe massthe momentumandthe enegy conserationequation,

respectiely.
2.2.1 MassConsewation

The 0t ordermonentof (2.6)is obtainedby simgy integrating it overv:

9fa

du _
de+/v-Vfadv+/m—a(E+v % B) -V, fadv = 0. (2.15)

Theleft handtermsin (2.6) give:

/v-Vfadv _v. [/vfadv] — V- (naVa), (2.17)
& (B4 v B)-V, fudv = /gl—aE-vaadv+/gl—a(v X B) -V, fadv.
(2.18)
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Assumng Jgrolo fo = 0, theright handtermsin (2.18)become:

/E-vaadv - /Vv-(faE)dv—/faVV-Edv=0,

/(va)-vaadv - /Vv-[(va)fa]dv—/faVv-(va)dv

herewe used:

o0

[ V. B = (LEB)% =0,

/ V. [(vxB)fadv = [(vxB)fa][®, =0,

— 00

V.,-E = 0,

V, (vxB) = ——(yB, —v.By) +
—(Usz - UmBz) +

%('UI-By — ’UyBa;) =0.

Now the Lorentzforcetermbecomes:

de (B +v x B)-V, fodv = 0.
mg

Finally, from (2.16),(2.17),and(2.25)it follows that:

Ong, B
W + & (’I’Lava) =0.

By multiplying (2.26)with m, we obtain:

0pa _
En +V - (paVa) =0,
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(2.19)

=0,

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)



which is the massconseration equationanddescribeghe rate of changeof the mass

densityatagiven pointin spacedueto thetransportcausedy themassflux p, V.

2.2.2 Momentum Conselvation

The 15t ordermomentof equation(2.6) is obtainedoy multiplying it with v andthen

integratirg it overv:
fa _
——dv+ | vv-Vf.dv + v E +vXxXB)-V, fodv=0. (2.28)

For eachleft handtermin (2.28),we have:

Moy, _ O [/vfadv] :M7 (2.29)

ot ot ai
/vv Vidv = V- [/vvfadv] , (2.30)

%V(E+v xB)-V, fadv = 7% [ [ VE)- 9, fudv+
[ v xB). vaadv] . (2.31)

Theright handtermof (2.30)includes/ vv f,dv, which is the secondordermoment

of f,. We canusethe macroscopiwariableP,, to replaceit:

/vvfadv - /(V—V)(v—V)fadv+/(vV+Vv—VV)fadv
P

= S VoV 4 VV, = naVV. (2.32)
Then(2.30)becomes:
1
/ YV Vfodv = —V - [Py + nama (VoV +VV,y = VV)]. (2.33)

(07
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For (2.31),we have:

/(VE Y, fadv = /vv - (VEfa)dv — /favv . (VE)dv,
- 0- / faEdv = —( / FadV)E = —noE (2.34)
/(Vv x B) -V, fadv = /Vv (favv x B)dv — /faVv - (vv x B))dv
- 0—/fav><de:—(/favdv) x B = —n,V, x B,

(2.35)
herewe used:
/ V., (VEf.)dv = (VEf.)|®. =0, (2.36)
/ V, (favv X B)dv = (f,vv x B)|*_=0. (2.37)
Now equation(2.31)becomes:
9e GE+v xB)-V, fudv = 22 [—n,E—noVa x B
me L
_ _”:1‘1“ (E+V, x B). (2.38)

Finally, we put(2.29),(2.33),and(2.38)into (2.28),which leadsto:

0(naVa)
ot

Naqa

a

1
+ m—v [P 4+ ngme (Vo V4+VV, = VV)| — (E+V,xB)=0.
(2.39)

Multiplying m,, in eachsideof (2.39)andreformatingit, we obtain:

(9(paVa)
ot

= —V:[Pa+1aMa (VoaV + VV4 = VV)]+10¢. (E+ V. x B), (2.40)
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which describeghe rate of changeof the momentim at a given point in spacedue
to: the plasmapressuregradientforce, the plasmakinetic pressuregradientsandthe

Lorentzforce.

2.2.3 Energy Consewation

The 2" ordermomentof equation(2.6)is obtainedoy multiplying it with vv andthen

integrating it overv:
/Vvidv+/vvv Vfadv—l—/vv— (E+vxB) -V, fadv=0 (241)

For eachleft handtermin (2.41),we have:

/vv%dv = % [/ vvfadv] , (2.42)
/vvv -Vfadv = V- [/ vvvfadv] , (2.43)
/vng—aa(E +vxB) -V, fudv = Ti—z [/ vvE -V fodv+

/ vvv x BV, fadv] L (2.44)

The right handtermsof (2.42)-(2.44)includetensors.A way to simgdify their right
handtermsis to calculatethe diagonaltermsof thosetensorsandthensumthemup.
For threevectorcomponentdjkevvv, wewill calculatehesumof thediagonakerms

of thetensomadeup of thefirst two vectors.For [ vv f,dv, we get:

S [otfadv = X [0V + 20 = V] fudv

1=,Y,2 1=,Y,2

_ /[(U—V)2+2v-V—V2] fadv
= [ VPhudv+2 [viedy-V =V [ faay
— /(U — V) foudv+2V, -V —n,V?
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2
= —fat 2o VeV —n V2 (2.45)

For [ vvv f,dv, wefirst transformit sothatwe canusethemacroscopiteatflux, Q,,

to simplify it:

[vwladv = [Iv=V)v = V)(v = V)] fudv
+ / Vv ,dv + / Vvvf,dv — / VVvf,dv
n / VWV fodv — / VVVf,dv — / VvV, dv
+ / VVV/,dv. (2.46)

Thesumof thediagonaltermsof (2.46)is:

x [vivtady = ) JACRROE ) v+ 3 [ wiVivadv
* %Z/szvfadv—Z wyZ/Vvaadv
+ zzyz/v,lefadv - wzyz/szVfadv
- §Z/szVfadv+z %z/VVVfadv
= Zy/ )]fadv+mzyz/2m/vfadv
—Z%Z/vaavarZ%Z/ V2V fadv
- %z/%zVVfavarZ waZ/VQVfadv

- / (0= V)*(v = V)] fadv+/2 V- V)V fadv
— [V fadv+ [(v3)V fadv
_ / 2v - V)V fudv + / V2V fodv

= [[0= VP = V)] fatv +2V - | [ v fuav]
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+/[V_ V)+v-V+V-v—V-V|Vfdv
9 [ / vfadv] VV 4+ V2V [ / fadv]
[w=")v = V)] fudv

P,
+2V - l— +n,VaV+n,VV, — naVV]

(67

—naV3V, + [/(U - V)Qfadv] Vv

2 P
—Q, +2V- [—“ +naVaV +n,VV, + navvl
M,

2
V3V + — oV
Mq
2 P,
—Q,+2V:-|—+n,V,V—-1n,VV| +
Mg, Mg,

2
noV3Vy + — V. (2.47)

a

Thesumof thediagonaltermsof thefirst right handtermof (2.44)is:

Y [ BV, fudv

1=T,Y,2

— (WEf)[® /fa v=—2/fav-Edv

- 9 [ [ fadv-] E=—2n,V,E. (2.48)

The sumof thediagonaltermsof thesecondight handtermof (2.44)is:

> /vva V. fadv = (02v x Bf,)[® /fa - (v®v x B)dv

1=T,Y,2

- _/fa (V%) (v x B) +2?V, - (v x B)] dv
= —/fa 2v-(v><B)+v2Vv-(v><B)]dv

- / fal0+0]dv=0. (2.49)
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Herev is perpendiculato v x B, thusv - (v x B) = 0. Also from (2.24)we have
V, - (v x B) = 0. Now (2.41)becomes:
2
2 (—ua +2n,Vy -V — naVQ)
ot \my,

2 P 2
+V- [—Qa +2V . (—0‘ + 1,V V — naVV> +no V3V, + —MQV]
Me Mg,

[0

2
——1Jjo-E=0. (2.50)
Meq
Multiplying (2.50)with m, /2 andreformattingit, we obtain:

0 1
A, o aVa'V__aV2>:
ot (“ +e 2

1
V- [QuA VPat V- (VaV = VV) + 20 VPV, + uav] +i. - E, (2.51)
whichis theenegy conseration equatiorfor speciesy.

2.2.4 Simplifications of the Equations

For cornvenience we rewrite the massconseration equation(2.27), the momentun
conserationequation(2.40),andthe enegy conserationequation(2.51)with alittle

reformatting:

Opa

Lo _y. 2,52

8t V (pava)7 ( 5 )
w = V- [Py + mane (VaV + VVea — VV)] 4 10¢aE + ju x B, (2.53)

0 1
ar «a ava'V__aVZ):
Bt (“ Te 2P

1
V- [Qut Vo Pat V- VoV = VV) 4 20, V2V, + uav] +i. - E.(2.54)

To closetheseequationswe have to know a higher order monent, and the higher

momentwill needan even highermoment. For example,in the massconseration
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equation(0t" ordermoment),in orderto getthe time evolution of the massdensity
we needto know the momentim (1%t order monent). However, if we wantto get
themomentunfrom the momentun conseration equationwe now needto know the
plasmapressurgandenegy) (2°¢ ordermoment). Again, if we wantto useenegy
conserationto getthe pressurewe still needto know the heatflux, which needsa
highermoment(3¢ ordermomen}. In somepracticewe truncatethe seriesat the
enepgy conserationequation andclosethe equationsvith anassumgon for the heat

flux.

In deriving the above conseration equations(2.52)-(2.54) only Vlasov equation
wasusedandno nev assumpt'mswereaddeclexceptvli_)ngo fa = 0 andtherequirement
for thespatialscalewhichis easilymetfor globalsimulatonsof alargescaleproblem.
Thus, for an ideal casewhenwe know the heatflux Q, in (2.54), theseequations
would give an exact descriptionof the spaceplasmawith the macroscopiovariables.
This alsomeanghattheseequationshouldalsobeableto handleary type of particle
distributions, e.g., Maxwell andkappadistributions, even thoseparticle distributions
varyingwith time. However, in practice we usedto make certainapproximatio about

the headflux. Whenthis occurs errorsareintroduced.

If f,isaxissymnetricaroundV,i.e.,

fa(V+V) :fa(v_v)’ (255)
the heatflux vectorvanistes:
Q, = %/ (v = V)2(v = V)] fudv = 0. (2.56)
Rewrite (2.11):
P, = ma, / (v = V)(v = V) fudv. (2.57)
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In this casethenon-diagonatermsof P, will alsobezero.Furtherlet usassumehat

the particlephasespacedistribution is sphericakymnetric aroundV':
fa(V—V) =fa(|V—V|), (258)

then all the diagonalterms of tensorP, are equal. For a sphericallysymmetric
Maxwelliandistribution, which is oftenobsenedin spaceplasmaernvironment, f,, =
_ma('u—V)2

3/2 . . .
Nao (%j”TaTa) / exp[ W] (heren,, is the plasmanumberdensity),theinternal

enegy density ., becomes

Mq

Mo — 7 (U—V)Zfadv
m ma \*? [ , Mo u?
_ Ma o Ta _MaUT
g "0 (27rkTa> /0 ! eXp[ 2kTa] mudu
- gnaokTa, (2.59)

hereu = v — V. For eachnon-zerodiagonalplasmapressureeomponentssaythe xx

componentye have:

o9rkT, 2%T,
= naokTh. (2.60)

32 T F T me (V2 + v2 + v?
P, = mana0< Mo ) / / /Uﬁe:rp [— aVs + vy +v3) dvgdvydv,
—00 —00 —OQ

Forthe P, andP,,, we have the sameresult. Finally we have:

naok‘Ta 0 0
P= 0 NeokTh 0 =PI, (2.61)
0 0 Naok Ty

here P, = n.kT, andI is the unit tensor Putting (2.56), (2.59), and (2.61) into

60



(2.52),(2.53),and(2.54),we have anew setof conserationequations:

Opa
e = -V (paVa), (262)
W = V- [P+ po(VaV 4+ VVa — VV)] + 10goE + ju x B, (2.63)
0 (3 1 )
a <§Pa+pava'v—§pav ) —

1
—V - |P.V+p,V-(VoV=VV) + gPaV + §paV2Va] +jo-E. (2.64)

A furthersimgification canbedoneby addingprotonsandelectrondor (2.62)-(2.64),

whichleadsto:
dp
— = =V (pV 2.65
o V- (pV), (2.65)
% = —V.-(PI+pVV)+pE+jxB, (2.66)
0 (3 1 5 1
2(2py= 2):— -[—P V2 i-E .
6t<2 +2,0V \Y4 (2 +2pV)V +j-E, (2.67)

herep = p, + pe, P = P, + P, pg = npe — nee, j = jp + Jje-
To close(2.65)-(2.67),we still needto know E and B, which are governed by

Maxwell’s equations

V.E = P (2.68)
€o
V-B = 0, (2.69)
OE
VxB = Moﬁoa+/ﬁ0ja (2.70)
OB
E = 2 2.71
V x = (2.71)

In orderto find out the relative importanceof the termsin (2.65)-(2.71),one thing
we cando is to normalizethoseequations. The normalizationalso helpsnumerical

simulationto avoid extremelylarge or smallnumbersn calculation. The parameters
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in theabove equationganbe normalizedn thefollowing way:

= pop,

L = LyL,
T = T,T,
P = PgoPly
P = BP,
vV = WV,
B = BB,
E = E,E,
i = Ji,

herethe primedvaluesarenormalizedvalueswithoutunit, po, Lo, 1o, pg0, Po, Vo, Bo,
Ey, and J, arethe normalizationparameterghosensuchthat the primedvaluesare
O(1). Thenormalzedform of (2.65)-(2.71)are:

po 9p' 0V0

Tor = V’ (PV), (2.72)
OVE) a(p V,) ' ! 2 1 !
T e = —L—Ov (PoP'T+ poVZoVV')
+,0q0E0p;EI + J()B()jl X BI (273)
10 /3 1 5
o (—POP’+ ooV2p V’2> _ —L—OV'-[(2P0P+ ~noVp V'2)V0V]
LI B - E, (2.74)
E /
SVLE = PaoPy. (2.75)
0 €0
vV .B = 0, (2.76)
B, E, OF
L—OV'XBI = Moo Gy + woJo’, (2.77)
Eor, -, B, OB’
il E = -2 2.78
7 T, ot (2.78)

62



Now we chooseLy, py, and B, asthe independenhormalizationparametersall the

othernormalizaton factorscanbe obtainedrom them:

Jo

Pq0

\//iopo’
_ Lo _ Lov/hopo
Vo By
_ B
to’
BZ
= VE)BO: 2 )
v/ HopPo
troLo’
. €oFo
= I

Puttingtheminto (2.72)-(2.78) we obtain:

a_p'
ot!
d(p'V')

ot!

0 /3 1

Z(Z2pry =y /2)

ot (2 +arV
VI N EI
VI . BI
V' x B
VI X EI

_ 1
herec = Tiess

_VI . (plvl),

V2
_V/ . (PII + plvvl) + C_(Q)p,qu +jl % BI,

Py

O’

‘/02 8EI

2 ot
OB’

—

1
PI + §,OIVI2)V +j, A E,,

s/

?

Y

(2.79)
(2.80)
(2.81)
(2.82)

(2.83)

(2.84)

(2.85)
(2.86)

(2.87)
(2.88)
(2.89)
(2.90)

(2.91)

is the speedof light. For V; < ¢, which is the casefor mostof the

spaceplasmaprocessesye cansafelyneglect ‘C/—gzpﬁlE’ (Coulombforce)in (2.86)and

Ve o’
cz ot

[N — ne| K ne,
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i.e., plasmais quasi-neutra{n, ~ n. = n).

Rewriting (2.85)-(2.91)anddroppingthe prime on eachparametefor simpicity,

we obtain:
)
a_f — V- (pV), (2.93)
a(gtV) = —V-(PI+pVV)+jxB, (2.94)
% — V. [(P+eV]+j-E, (2.95)
OB
92 _ _VXE 2.96
V-B = 0, (2.97)
j = VxB, (2.98)
= Spilae (2.99)
€T 9t TR '

herewe dropped(2.88) becauséoth sidesof it are equallysmall but asthe chage
densitydoesnot enterinto ary of the other equations this equationis not needed

[Kivelon andRussell, 1995].

2.2.5 Derivation of the General Ohm’s Law

In (2.93)-(2.99),every variableexceptelectricfield E canbe derived directly, either
from time integrationsor from theresultsof thetime integrations.Herewe derive the

generalOhm’slaw whichrelatesthe electricfield to the othervariables.

Consideringthe proton-electrorcollisions andthe quasi-neutratondition, equa-

tion (2.63)for protonsandelectronscanbewritten as:

0(nVe)
ot

Me

= —VP,—m.V - -{n(V.,V+VV,-VV)}

—ne(E+ V., x B) — men(Ve — V,) v, (2.100)
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d(nV,)
ot

myp —-VP, —m,V - {n(V,V+VV,-VV)}

+ne(E +V, x B) — m,n(V, — V), (2.101)

herev,,andy,, arethe effective collision frequeny betweenprotonsandions. The
collisionsbetweerelectronsandprotonscomefrom theright handcollision term (%)C
of (2.5),andwe assumehatthe collision force betweerprotonsandelectronslepends
on therelative velocity of protonsandelectrons.Note herethatthe inclusionof the
collision termswill affectthe conserationequations(2.93)-(2.95)for singlespecies
of particles.However, they will notaffecttheconserationequationgor thecombined
protonsandelectronsdbecausehe collisionsdo not changethe massmomentumand

enepy of thecombinedsystem To consere momentumcollisions mustsatisfy:
men(ve - Vp)Vep = _mpn(vp — Ve)Vpe- (2102)

We first multiply (2.101)with m, and(2.100)with m,, thensubtracthem. This leads

to:

mpme% n(V,—Ve)] = —mVP,+m,VP,
—mymeV - {n(V, — Vo)V +nV(V, - V,)}
+mene(E + V, x B) + m,ne(E + V, x B)
—mypmen(Vy — V) (Vpe + Vep)
= —m,VP, +m,VP,
—mymeV - {n(V, = Vo)V +nV(V, - V,)}
+pe(E+V x B) — (m, — m.)j x B

_MpMe (Vpe + Vep) - (2.103)
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Further we multiple (2.103)by e andobtain:

5
Trzpmea—']]j = —m.eVP, +myeVP, —mym.V -{jV + Vj}
+pe*(E+V x B) — e(m, —m.)j x B

—MypMe(Vpe + Vep)J- (2.104)

We thenreformat(2.104)to obtain:

my(VP, — 22V P,)  my(1—2)j x B

MpMie .
o et vl = E+VxB+ - - -
mym. [ 03 R
- = -GV +Vj)|. 2.105
WZ[&+V U'+Jﬂ ( )

Takingm,, > m, we have:

E= -V xB+nj—

VP, jxB m, [0 . .
43X +m[£+vwﬂuwmy (2.106)

ne ne ne?

heren =

Me
ne?

(vpe + vep) IS the electricresistiity. The normalizedform of the above

poL2
To

equationwith n = non’ andny, = , is (theprimeon eachparameters removedfor

simpicity):
1T,VP, 1T,jxB 1 T,T. [dj

E=-VxB+pj— -2 — 5 TV GV +YVj
B 2Ty n 2T, n +(27r)2 ¢ |0t V-V ’])] ’
(2.107)

hereT,, = 2 is the protongyroperiod,T.. = 222« is the electrongyroperiod,and
P eBo eBy

Tep > T¢ becausen, > m.. WhenTj is muchlargerthanT,., we canneglectthe
lastright handtermof (2.107). WhenTj is muchlargerthanT,,, we canalsoneglect
the third andforth right handtermsof (2.107). This leadsto severalcommony used

simpificationsto the electricfield from (2.107):
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ldealMHD: E=-V xB
Resistte MHD: E = -V x B + 5j
Hall MHD: E= -V x B 4 1xB

n

The ideal MHD assumpbn is usually usedwhen plasmacollisions are very small
andthe problemtime scaleis muchlargerthanthe ion gyroperiod. Resistve MHD
assumpbn is usually usedwhen plasmacollisions are not negligible. It canlead
to magneticreconnectionn large scalespaceplasmasimulations. The Hall MHD
assumpbn is usuallyusedwhenthe temporalscaleof the problemis comparabldo
theion gyroperiod. For a typical magnetosbathmagneticfield, B=50nT, N = 50
cm 3, andL = 1 Rg, wehave: T, ~ 15,7y ~ 40s,andT, > T,,. Thusin our PDL
study thelastthreetermsontheright handsideof (2.107)areneglected.In the UCLA
globalMHD model,theresistve MHD assumpbn is usedbecausehis modelcovers
theregionswherereconnectiorexists,including the magnetotaiturrentsheetandthe
magnetopauseHowever, in the otherregions the resistvity, 7, is setto zero,which
equaldo theidealMHD assumptionThesettingof theresistvity is discussed more
detailin Section2.3.7.Notein practicalsimulations,numericalresistvity existseven
whenwe setn equalsto zero. However, it shoud not play animportantrole, aswe
will seelaterin this chapter Sincea muchsmallertime scaleis neededor the Hall
MHD approximationit is very difficult to usein globalmodelsimulatons,if it is not

impossble.

2.2.6 Limitations of the MHD Description

Rewriting (2.93)-(2.99)and the resistve MHD assumptiorfor the Ohm’s Law for

conveniencewe obtain:

dp

5 —V - (pV), (2.108)

67



i -V - (PI+pVV)+jxB, (2.109)
% = -V [(P+¢)V]+j-E, (2.110)
0B
— = — E 2.111
ot VxR, ( )
j = VxB, (2.112)
3.1,
e = FP+goV7 (2.113)
E = -V xB+7j, (2.114)

herewe dropped2.97)becausd is notneededn thetimeintegrationof anMHD sys-
tem. However, it shouldbe consideredn MHD simulationsto ensurethe correctness
of modelresults. Equations(2.108)-(2.114)are a full setof closedMHD equations
usedin the UCLA globalMHD model. In deriving theseequationswe usedthe fol-

lowing assumpbins:

Thereareno neutralparticles.

Thereareno otherchagedparticlespecieotherthanprotonsandelectrons.
Thephasespacedensityapproacheto zerowhenv approacheso infinity.
The spatialscaleof the problemis muchlargerthanthe Debyelength, A p.

Thetemporalscaleof the problemis muchlargerthantheion gyroperiod.

o o M 0w bhPRF

Theflow andwave speed®f the problemshouldbe muchsmallerthanthelight

speed.
7. Theprotonmasss muchlargerthanthe electronmass.
8. Theprotonnumberdensityis very closeto the electronnumberdensity
9. Plasmghasespacedistibutionis sphericallysymmetric.
10. Collisiontermis negligible in mostof theregionsexceptin certainregionswhere

it canbedescribedn aform like: m,n(V, — V¢)vy,.
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Assumpions 1-8 are usually very well satisfiedin the outer magnetospereandthe
interplanetaryplasmaenvironments. Assunption 9 is usedto remove heatflux, Q,
from theenegy conseration equation.Thisassumpbn alsoimpliespressurésotropy
which is usedin our description.In mary casest is satisfiedvery well in space.In
the magnetokeathwherethe PDL occurs,however, sometines non-ngjligible pres-
sureanisotrofy exists [e.g.,Crooker etal., 1979]. In suchcaseswe shouldeitheruse
anisotroy pressurdreatmentor showv that pressureanisotropy is not important. In
the PDL eventstudyin Chapter3 of this dissertatin, the global modelresultswith
isotropc pressureanreproducethe majorfeaturesof the plasmadepletionlayer ob-
senations This impliesthat plasmaanisotroy is not playing a major role in PDL
formation. DentonandLyon [2000] studed the effectsof pressureanisotroy on the
magnetosheathtructureusing a two-dimensonal MHD simulatian with anisotropic
pressureThey foundthatthe exactform of the parallelpressuregradientforce might
not be crucial for the global dynamicsof the PDL. Thusthe isotropic pressureused
in our globalmodelshouldbe sufficient to addresshe principal physts of the PDL.
Assumpion 10 is a simplfied approximatiorto the plasma’collisions”. In the outer
magnetospéreandtheinterplanetarspacethe Coulombcollisionsbetweerparticles
areveryrare. In this case theresistvity alsostandgor thewave particleinteractions
that cannot be describedby the simplification forms of (2.107)becausef the scal-
ing. Thus,anomalousesistvity is alsoanempiricalway to describethe smallscale
processesghat cannot be treatedin large scalesimulations. In the PDL studyof this

dissertationhowever, magnetiaeconnections notimportant[Raeder2000].

2.3 UCLA/NOAA Global Magnetosphee-lonosphee Model

The UCLA/NOAA globalgeospacenodelis usedin this study This modelsolvesthe
MHD equationg2.108)-(2.114)n alarge volumesurroundinghe Earthsuchthatthe
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entireinteractionregion betweenthe solarwind andthe magnetospheris included.
Specifically the simulaton domaincompriseghe bow shock,the magnetopausend
themagnetatil upto severalhundredR i from the Earth. It canbedriveneitherby so-
lar wind plasmaandIMF obsenationsor by idealizedsolarwind andIMF conditiors.
NOAA CoupledThermospheréonosphereModel (CTIM) is includedto handlethe
couplingbetweenthe magnetoghereandtheionogphere. The MHD modelwasdis-
cussedn moredetailby Raede1999,2003],theCTIM modelwasdiscussdin detail
by Fuller-Rowell et al. [1996], andthe coupledmodelwasfirst presentedn detail by
Raederet al. [2001]. In the following sections,| will introducethe mostimportant
part of this modelanddiscusssomeimportantissuesrelatedto the PDL studyin the

dissertation

2.3.1 Basics

The basicideaaboutMHD simulatian is to startfrom oneinitial spaceplasmastate
attimety, following the MHD governing equationsequationg2.108)-(2.114¥or the
globalmodelusedin this dissertationwith boundaryconditions,to obtaina new state
at time ty+dt. This processanbe repeateduntil the desiredendtime is reached.As
we discusseearlier equationg2.108)-(2.114)s afull setof closedequationsin the
model,p, pV, ¢, andB areusedasthe primaryvariables At timety, we cancalculate
all theright handtermsof (2.108)-(2.111).Thenwe canmake time integrations for

theseequationsandgettheprimaryvariablesor a new timety+dt.

Consenrationequationg2.108)-(2.110ranbewrittenin ageneraform:

%—f =_V.-F+38, (2.115)

hereA is aconsenrative primaryvariable F is theflux, andS is thesourceterm. In the

model,consenrative flux methodis usedto securemass momentum,andenegy con-
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< Startof Simulation >

Initialization (u°)

n=n+1

Fill Boundary Ghost Cells (u™)

Calculate Time Step (aAt)

Predictor Flux Calculation (F™)

Predictor Time Integration (u™**'?)

Fill Boundary Ghost Cells (u™*/?)

Corrector Flux Calculation (F***'?)

Corrector Time Integration (u™*?)

End Time Reached?

Yes

< Endof Simulation >

Figure2.1: Flow chartfor the predictorcorrectormethodusedin the globalmodel.

senation. For thetimeintegrationof themagnetidield, theconstrainedranspor{CT)
method[EvansandHawley, 1988]is usedto ensureV - B = 0. In bothof thesemeth-
ods,flux andE needto becalculatedeforetimeintegratiors. To achie/e seconcbrder
accurayg in time integrationthe modelusespredictorcorrectorintegrationschemeln
thisschemefor atime stepAt, thesystemis first pushed.5At (predictorstep).Then
the fluxesandE are calculatedusingthe half stepvalues. Finally, full time integra-
tions are performedwith thesefluxes(correctorstep). The flow chartfor a complete

simulationwith constrainedlux andCT methodsusingpredictorcorrectortypetime
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integratian, isshavnin Figure2.1. Next wewill addressereralimportantcomporents

onthisflow chart.

2.3.2 Simulation Grid

z plane

20 |+

y (Re)

-20 :

I I I I 1 I I I I 1 I I I I 1 I I I I 1 I I I 1 1
-250 -200 -150 -100 -50 0
x (Re)

Figure2.2: ThestretchedCartesiargrid for atypicalmodelrunin the GSEz=0plane.
Thedotsstandfor the centerof thegrid cell. Only oneoutof everyfour gridsis shavn
in eachdirectionfor abetterview. Thetwo curvesstandfor the magnetopausandthe
bow shockcalculatedrom Fairfield [1971].

Beforeintroducingthemodelinitialization,it will behelpfulto shav thesimulaton
grid andhow the parameterareseton thegrid. A stretchedCartesiargrid is usedin
themodel. (A sphericafrid is usedin the CTIM modelwhich providestheionosplere
boundary | neglect discussionof this grid becausat is not directly relatedto the
problemin this dissertathn). The stretchedCartesiargrid for a typical modelrunin
the z=0 planeis shovn in Figure2.2. The dotsstandfor the centerof a grid cell and
only one out of every four gridsis shavn in eachdirectionfor a betterview. The
two curves standfor the magnetopausandthe bow shockcalculatedfrom Fairfield
[1971]. The grid coordinatesare alignedwidth the geocentricsolar ecliptic (GSE)
axes. Usually, the physicaldomainof the modelrangesdrom ~-300to ~20 Rg in the
GSEXx direction,andabout~-40 to ~40 Rg in the GSEy andz directions. There
areusually~300 grid cellsin the GSEx directionand ~80 grid cellsin the GSEy
andz directions. From Figure 2.2, we seethat high resoluton is givento the region

aroundthe Earth,theneutralsheetthemagnetopausendthebow shock.Thehighest
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resolutionthatthe stretchedyridscanachiereis ~0.1Ri.

z plane
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-250 -200 -150 -100 -50 0
x (Re)

Figure2.3: TheshiftedstretchedCartesiargrid for aPDL eventstudyusingtheglobal
modelonthez=0 plane.The othersettingsarethe sameasthosein Figure2.2.

In typical modelsimuation runs,the stretchedCartesiargrid is symmetrc around
the Sun-Earthline. Usually higherresolutionis setcloserto this line. However, in
certaincaseshigh resoluton is neededaway from the Sun-Earthline. For example,
thePDL eventstudieghatwe have conductedn Chaptei3 needhighresolutioraround
the PDL obsenation spacecraftrajectory which is about10 Rg away from the Sun-
Earthline. In thesecasesthehighresolutionpartof thegrid canbeshiftedaccordingly

to somespeciallocations,asshovn in Figure?2.3.

2.3.3 Spatial Settingsof Variables On the Grid

In (2.108)-(2.114)thevariablesusedin thesimulationare: p, V, P, j, B, ¢, andE. In
addition,for the consenrative flux methodusedin themodel,a hydroflux variable,F,
is alsoneededAs we discussed earlier F is putonthe surfaceof eachgrid cell andit
describeghefluxesmovingin andoutof thecell whichis critical for theconseration
equationg2.108)-(2.110)Also for initial magnetidield settingsthemagnetigoten-
tial vector A, is usedto ensuremagnetidield divergencefree. Staggeredrid settirgs
areusedto setthosevariablesin the stretchedCartesiangrids. In the following, we
only chooseonegrid cell asan exampk. The settingsof the variableson a grid cell

areshowvn in Figure2.4. p, P, V, ande arecalculatedat the centerof eachgrid cell.
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/

Figure2.4: Thegrid settin

The hydroflux, F, is calculatedat the centerof the surfacesof the grid cell, with F,
onthex surfaces,F, onthey surfacesandF), onthez surfaces.Magneticfield, B, is
calculatedat the surfacecentertoo, andthe locationsof B,, B,, and B, arethesame
asthoseof F;, F,, andF,, respectrely. Themagnetigotentialvector A, theelectric
field, E, andthe currentdensity j, arecalculatedat the centerof the edgesof thegrid
cell, with A,, E,, andj, atthe centerof theedgesalongthex axis, A,, E,, andj, at

the centerof the edgesalongthey axis,andA,, E,, andj, atthe centerof theedges

alongthez axis.
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gdfor thevariablesn themodel.
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2.3.4 Initialization

In the model,a very simpleinitial conditionis used. The modelusuallystartswith a
cold (~5000°K) plasmawith a uniformdensityof 0.1cm—3. Themagnetidield starts
from a mirror dipole configurationasshavn in Figure2.5. It takes~0.5-1.0hourfor
thewhole global modelto reconfiguretself from this initial condition into a realistic
magnetospére configuration.After thatthe modelresultscanbe usedto addresghe

phystsof the daysidemagnetosphere.

Figure2.5: Theinitial magneticfield configurationin the model. A mirror dipole is
usedto producethis configuration.

The magneticdivergence-fre condition, (2.97), requiresthat the initial magnetic

field fits this condition. Specificallyfor a grid cell, (i,j,k), we shouldhave:

— B? BY —BY. B? . — B?.

BY .. . Y 1 1
Z+§7]ak ’L_iﬂsk zv]+§s] Za]_§sk Zs]7k+§ 17.75]6_5
+ + =0,

Ax Ay Az

(V- B)ijx =
(2.116)
hereAzx, Ay, andAz arethegrid cell sizesin thex, y, andz direction. This condition

for acomplec configurationis usuallyachiezedthroughmagnetigootential, A. From
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the magnetigpotentialvector we have:

Further we have for agrid cell, (i,j,k):

T
Bz’+%,j,k

B? .

Z_fﬂjak

BY.
ii+3.k

BY.

Zﬂj_§ak

z
Bi,j,k+§

z 1
Zajyk_§

04, _ 04y
oy 0z
B=V XA = 0Ay _ DA
0z oz
0Ay  9As
oxr oy
z _ Az Ay _Ay
i+5.0+5.k Az’+§,j—§,k i+3.5.k+3 i+3.5.k—3
Ay Az ’
A* o, — A% AY o =AY
Z_%J—F%,k Z_%,]_%’k _ Z_%’]ik+% Z_%’]ik_%
Ay Az ’
A*. — AY. AZ —A?
Z:J+%:k+% AZ:]"’%JC_% Z+%a]+%ak AZ_%;]"’%J‘:
Az Az ’
A% — A%, A% — A7
’L,]*%,k-k% Zyjféakfé _ Z+%,]7%,k zf%’]févk
Az Ax ’
AV, =AY z — A%,
Z+%a]7k+% Z_%ajzk'i'% _ Ala]+%ak+% AZJ_%’kH'%
Az Ay ’
AY o =AY AT — A7,
Z+%)]7k7% Zf%)]zkfé _ Za]"’%ak*% Zyjféakfé
Ax Ay

Putting(2.118)-(2.123)nto (2.116),we seethat(V - B); ;» = 0.

2.3.5 Boundary Conditions

(2.117)

(2.118)

(2.119)

(2.120)
(2.121)

(2.122)

(2.123)

From Figure 2.1 we seethat boundaryconditionsare usedtwice in eachstepof the

model,oncebeforecalculatingthe time step,andoncebeforethe correctorstepflux

calculation. In the model, boundaryconditions for the facesof the simulation-box,

otherthanthe onetowardthe Sun,aresetusingfree boundaryconditins:

00

=0
on ’
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heren is the normaldirection,and® is ary primary variableof the simulaton other
thanthe magneticfield componenperpendiculato the boundary For the magnetic
field componenperpendiculato the boundarythe modelusesdivergence-freeondi-
tion to obtainit, afterall the othercomponerg of magneticfield on the boundaryare

obtainedrom (2.124).

Therearetwo typesof boundaryconditionsthat canbe usedon the boundaryto-
wardthe Sun:solarwind monita obsenationsor idealizedsolarwind conditions The
latterincludesconstansolarwind conditionsandthosetime varyingoneswhich stand

for solarwind structurese.g.,suddenMF northwardturning.

Becauseof the presencef solarwind structuresasshavn in Chapterl, andthe
scarcityof simutaneoussolarwind obsenations, the modelusuallyassumeshatthe
solarwind structuresare planarin the direction perpendiculato the Sun-Earthline.

This assumptia is self-consistentor all the othersolarwind parametergxceptIMF

OBy __ 9B,
0y ~— 0z

B.. Planarassumpon leadsto = 0, while time varying IMF B, leads

9By

to 5

# 0. Altogetherwe getV - B # 0 on the solarwind boundary which is
nonphyical. Boundarynormal methods,e.g.,the minimum variancemethod,have
beenusedto relieve this problem.In thosemethodsthe solarwind structuresmaynot
beplanaror perpendiculato theSun-EartHine. However, therearestill problemswith
thosemethodsespeciallyfor large solarwind oscillatiors. Obsenatioral studiede.g.,
Farrugiaetal.,1997],comparisondetweemumericaimodelresultswith obsenations
[Wangetal., 2003],andPDL dependencstudieson solarwind conditiansin Chapter
6 of this dissertaton all shaw thatIMF B, haslittl e effect on the PDL. Thus,in the
latersimdation studyfor modelvalidation with the solarwind asinput, IMF B, values

aresimgy setto zeroto solve this problem.
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2.3.6 Time Step

Thetime stepdeterminesow fastwe canevolve the simuation. The largerthetime
step,thefasterthe simulaton canbe, thelesscomputatimal resourceve needto per
form a simulatian run. However, we cannot setthetime steptoo large, becaus®f the
socalledCourant-Friedrichs-Lwy (CFL) criteria,which s requiredfor the stability of

anumericalsimulatian. For the MHD simuation, the CFL criteriais:

min(Az, Ay, Az)

At <o ,
|V‘ + Vs

(2.125)

hereVys = ,/% + 372 is the fastmagneticsonicspeedafter normalizationand is

anempiricalparametewhichis usuallysmallerthanl.

2.3.7 Flux Calculationsand Time Integrations

In the predictorflux calculationin Figure2.1,low orderRusan@ schemas used:

1 1
il+% = §(Fi + Fig1) — Z(‘Uz“ + ¢ + |vig1] + cip1) (A — As), (2.126)
heref is theflux onthecenterof thegrid cell face,v thetotal flow velocity, andc the

soundspeed.For F' and A pleasereferto (2.115). In the correctorflux calculation,

bothlow orderRusan® schemendfourth ordercentralschemeareused:

7 1
,"1% = E(Fz + Fit1) — E(Fi_l + Fiya). (2.127)

Differentschemeslik e the flux calculationschemen (2.126)and (2.127),have dif-
ferentordersof accurag. The orderof a schemes definedasthe smallestorder of
the derivative with non-vanishing coeficient minus 1 [Raeder 2003]. For example,

athird orderschemehasonly errortermscorrespondo the fourth andhigherderiva-
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tives of the soluion. Thus,the lower orderschemehaserrortermscorrespondingo
lower derivatives,which leadsto large numericaldiffusion. The higherorderscheme
haserrortermscorrespondingo higherderivatives. Althoughthe higherorderscheme
seemdesirablejt is almostuselessn the magnetogheresystemsimulaton because
of the severeovershmts andundershoatat shocks.In the correctorflux calculations
in themodel,a combinaton of thelow orderschemeandhigherorderschemas used
[HartenandZwas,1972]:

vy = Ouaflin + (1= 00) ff, . (2.128)
In this schemea flux limiter, HH%, is usedto shift the weight betweenhigherorder
schemewhichis goodfor thesmoothregions,andlower orderschemewhichis good
for regionswith large gradients|ike shocks.0 < 0i+% < 1 andit is determinedy the

gradientsof plasmaernvironment.

Another parameteralculatedtogetherwith the fluxesis the electricfield. From
(2.111),we have:
0

a(v -B)=-V-(VXE)=0. (2.129)

Sotheoreticallyif we setV - B = 0 atinitialization,we shouldhave magneticfield
divergencefree at all the latertime. However, numericalerrorsin the simulation can
causea finite V - B unlessa methodis employed that createsno V - B errorsdue
to the discretization.The constrainedransportimethod[EvansandHawley, 1988]is
onesuchmethod,andwe useit in our model. In this method electricfield variableis
placedat the centerof the edgesin eachgrid cell, with E,, E,, and E, on the edges
parallelto thex, y, andz axis,respectrely. Equation(2.114)is usedin calculatingthe
electricfield. For the calculationof theanomalousesistvity, n, in themodel,we first

define:
;o ilA

— 2.130
B| + ¢ ( )
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heree is anarbitraryvery smallnumber Then:

12 -/ > (5
g e >0 (2.131)

0 (<9
here A, a, and§ are empirical parametersand e is a very small numberto make
surethe denomnator of (2.130)is not zero. Anomalousresistvity is importantfor
magneticreconnectionn MHD becausdt provides an electric field parallel to the
magnetidield which breaksthe magnetidrozen-inconditions thusplasmacanmove
acrossnagneticfield line. In the Earthmagnetosphersystem this occursin the tail

currentsheetandon the magnetopatues

After we getall the hydro fluxesandelectricfield, we canperformtime integra-
tions. For thetypical conserative equation(2.115),we use:
fz,i+§,j,k - fm,i—%,j,kz
Ax

+fyszﬂ.7+%ak - fyaiij_%ak + fZ,Z,j,k-i—% - fl,i,j,k—%
Ay Az

Appar = Ay — At (

)+Awbama

This canbe usedto obtainthe hydrovariablesat the next time step. This constrained
flux methodwill make surethatmass,momentim, andenegy moving out from one
grid cell will all endupatits neighboringcells. Thechangingof themassmomentum
andenepy in thewholesimulationbox only depend®ntheboundaryconditions. For
themagnetidield of thenew time step,(2.111)is used.Notein predictorstep,atime

stepof 0.5At is used.While for correctorstep,atime stepof At is used.

2.3.8 Parallelization

Becauseof the compuational requirement®of the large scaleglobal magnetospére

simulations, the global modelis parallelizedand runs on state-of-the-arsupercom-
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puters(e.g.,IBM/SP2,CRAY/T3E) or local Beawvulf Clusters.The MessagédPassing
Interface(MPI) library is usedto parallelizethe code. The scalabilityof themodelon
parallelcompuershasbeentestedoy Raede{2003] with excellentresults.In particu-

lar, themodelcanberunin realtime with 60 nodesanda million grid cells.

2.3.9 Resolution

Magnetopause Bow Shock
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Figure2.6: Simulationgrids alongthe Sun-Earthline for a typical simulationin the
dissertatiorstudy The solarwind inputsare: V=(-450,0, 0) km/s B=(0, 0, 7) nT,
N=6cm™3, andT,=T.=10eV.

Becauseof therelatively smallthicknessof the plasmadepletionlayer, resolution
hasbeenone of the biggestbarriersfor the applicationof the global magnetospére
simulationsin the PDL study For a typical thicknessof the PDL, 0.3-0.5Ry, ares-
olution of 0.1 Ry in the magnetokeathis requiredto provide properresoluton of
the PDL. Simulationgrids along the Sun-Earthline for a typical simulaton in this
dissertationis shavn in Figure2.6. From this figure we seethat morethan20 grids
existin the magnetoseath with aresolutionof ~0.1 Rz nearthemagnetopausehe
PDL structureon the magnetopauses sufficiently resolhed usingthis model,aswe
canseefrom Figure2.6. Higherresolutionwith ~30 gridsalongthe Sun-EartHine in
themagnetoskathhasalsobeentestedfor thisrun. A comparisorbetweernthesetwo

runswith differentresolutiosis shavn in Figure2.7. Thereis very littl e difference
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Figure2.7: A comparisorbetweemmodelresultswith low andhighresolutiors along
the Sun-Earthline for a typical simulation in the dissertatiorstudy The solarwind
inputsare: V=(-450,0, 0) km/s,B=(0, 0, 7) nT, N=6 cm~3, andT,=T,=10eV.

for this two runs. Becausdhe large numberof computatbnsneededor high resolu-
tion modelrunsanddataanalysiswe hereonly uselower resolutionrunresultsin this

dissertation

2.3.10 Effectsof AnomalousResistvity

As we mentioredearlief anomalousesistvity is importantfor magneticeconnection
in MHD becauset providesan electricfield parallelto the magneticfield which can
helpto breakmagnetidrozen-inconditions,thusplasmacanmove acrosgshemagnetic
field line. For the plasmadepletionlayerthatwe will addressn this dissertatiorwith
northward IMF, reconnections notimportant. However, polevardreconnectiordoes
occut which helpsto drive magnetosheathlasmafrom the polarregioninto the GSE
z=0 planeinside the magnetopausdhus affecting the inner boundaryof the plasma
depletionlayer It would beinterestingto seeto whatextentthe anomalousesistvity
affectsthe PDL. In orderto do so,we make two globalMHD runs.Both of theseruns

aredonewith the samesolarwind conditicns asmodelinput: V=(-450, 0, 0) km/s,
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Figure 2.8: Resultsfrom global model simulatonsin the z=0 and y=0 planeswith
the following solarwind conditionsasinput: V=(-450, 0, 0) km/s, B=(0, 0, 7) nT,
N=6 cm™3, andT,=T.=10eV. Suchsolarwind conditonscorrespondo M ,=7.2. The
left panelsaretheresultsfor » = 0.05 andthe right panelsarethe resultsfor = 0.
Thetop panelsarein the z=0 planeandthe bottompanelsarein the y=0 plane. The
parameteralongtheradiallinesin thefigureareshavn in Figure2.9.

B=(0,0, 7) nT, N=6 cm™3, andT,=T.=10eV. Suchsolarwind conditionscorrespond
to M 4=7.2. Theonly differencebetweerthesetwo runsis theanomalousesistvity, 7,
whichis definedin (2.131).For onerun,we usethetypicaln of theglobalmodel,0.05.
For the otherrun, we setn = 0. The modelresultsfor thesetwo runsin they=0 and
z=0 planesareshownn in Figure2.8. Thereis very little differencebetweernthe cases
with n = 0.05 andn = 0, exceptthatthe open-closednagneticfield boundariesare
slightdifferent.Figure2.9shavs a comparisorof the parameteralongtheradiallines
in Figure2.8for n = 0.05 andn = 0. Fromtop to bottomin the left andright panels
arethe plasmavelocity, the plasmadensity the magnetidield magnitudeandthe N/B
ratio for thesetwo casesalongthe radial lines in the z=0 planeandthe y=0 plane.
The magnetopauskcationis shovn asa black dot on eachline, andit is definedas

thelocationwherethe magnetokeathplasmavelocity is closeto zero. In Figure2.9,
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Figure2.9: A comparisorof the parametersalongthe radial linesin Figure 2.8 for
n = 0.05 andn = 0. Fromtop to bottomarethe plasmavelocity, the plasmadensity
the magneticfield magnitudeandthe N/B ratio for thesetwo casesalongthe radial
linesin the z=0 planeand the y=0 plane. The magnetopausicationis shovn as
a black dot on eachline, andit is definedasthe locationwherethe magnetosheath
plasmavelocity s closeto zero.

thereis very little differencebetweerthesetwo runs,which meanghattheanomalous
resistvity, n, haslittl e effect on the PDL structure. The plasmaandfield structures
inside the magnetopauseyhich subjectto the polewvard reconnectionare not much
influencedby differentresistvities either This is likely causedby the fact thatthe
modelnumericalesistvity is generallylargerthantheanomalousesistvity. It is very
difficult to calculatethe numericalresistvity for sucha complex system. However,
it is not likely the numericalresistvity is playinga majorrole for the PDL, because
otherwisewe would expectmuchmoresignificantdifferencedetweerthe simulaton
resultsandin situ obsenatiors thanthosethatwe have foundin thisdissertatio study

We will presenthoseresultsin the next chapter
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CHAPTER 3

Event Studiesand Model Validation

3.1 Intr oduction

Although therehasbeena lot of progressn the obsenational, theoretical,and nu-
merical plasmadepletionlayer studies,mary questionsaboutthe natureof the PDL
remain. WhetherMHD effectsdominatethe PDL. Whetherpressurasotropy is suf-
ficient to describethe magnetosheathattern. How the PDL is affectedby transient
solarwind conditicns. Whetherthe PDL exists in a stablemanneror in a transient
fashion.Beforewe startto addressheseproblemswe needfirst to make surethatthe
UCLA globalmodelto be usedin the dissertatiorstudyis a valid tool to investicate
the PDL. In orderto testthe validity of this model,we comparemodelresultswith
Wind obsenationson the flanks of the magnetopausen Jan. 12, 1996andJan. 1,
1999. The consiseéng/ betweemmodelresultsand obsenationsshavs thatthe global
modelis sufficientto describethe depletionprocesbsenedin this region. The sim-
ulationalsoshavs thatthe depletionis stableaslong asthereareno majorsolarwind
variations Temporal-spatiahmbigutiesareanalyzedor the 1996eventanda signffi-
cantdifferencebetweerthetime seriesandtheinstantaneouspatialstructures found.
A muchsmooherinstantaneouspatialstructureis foundin the simulaed spacecraft
time seriesin the obsenatiors, which are highly modubtedby solarwind variatiors.
Thelocaltime andlatitude dependencef thedepletionfor the 1996eventarealsoob-
tainedfrom the modelresultsthat predictsa thinner depletionnearthe subsolapoint

andathicker depletionfartheraway from thatpoint.
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3.2 Event Selection

PDL obsenationsarerare,particularlythosewith simutaneousolarwind plasmaand
IMF obsenations Therearetwo reasonsvhy we needsimutaneoussolarwind obser
vations First, our globalmodelneedghoseobsenationsasinput secondandmore
important magnetoBeathvariationsare usuallytemporalandare controlledby solar
wind changeslt is necessaryo comparesolarwind andmagnetosheatbbsenations
to make surethat the structuresn the magnetosheathre of internal origin and not
structurescornvectedfrom the solarwind. We excludeevens with southvard IMF to
avoid effectsof subsolareconnection\We examinetwo events,basedon the charac-
teristicsof PDL-like signaturesthe availability of threedimensonal magnetosheath
flow measurementgndsolarwind plasmaandIMF data:the eventonJan.12,1996

thatwaspreviously publishedby Phanetal. [1997]andaneventonJan.1, 1999.

3.2.1 TheJan.12,1996Event

Thetrajectoriesof the Wind andIMP 8 spacecraftluringthe Jan.12, 1996eventare
shavnin Figure3.1. ThelMP 8 spacecrafstayedoutsice of thebow shockfrom 1300
to 2100UT and provided solarwind obsenationsfor this event, while Wind passed
throughthe bow shock,the magnetoseath,andthe magnetopauséVind andIMP 8
obsenatiors for this eventareshovn in Figure3.2. Fromtop to bottomin Figure3.2
aretheflow speedithe magnetidield clock anglein the GSEyz plane,theratio of B,
to themagnetidield magnitude,the magnetidield magnitudethe plasmadensity the
plasmatemperatureandthe N/B ratio. Note that IMP 8 magneticfield magniudes
aremultiplied by a factorof 3 anddensityvaluesare multiplied by a factorof 2.2 for
bettercomparisorbetweensolarwind andmagnetosheatbbsenatiors. SinceWind
andIMP 8 were very closeto eachotherin the Sun-Earthdirection, no time delay

betweenthem is consideredvhen we comparetheir obsenatiors. More complete
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y°+2° (Re)

x (Re)

Figure3.1: Wind andIMP 8 trajectoriesfor the Jan. 12, 1996event. IMP 8 moved
from (-6.3,31.2,22.7)Rg t0 (-11.3,30.4,22.1) R from 1300to 2100UT, whichwas
outsideof the bow shockin the solarwind. Wind moved from (5.8,19.6,0.7) Ry to
(-3.8,14.6,-0.3) R acrosghebow shock,the magnetosheatlandthemagnetopause.
The bow shockandmagnetopauseurvesare calculatedusingthe empirical Fairfield

[1971] model.
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Figure3.2: Wind andIMP 8 obsenations for the Jan. 12, 1996 event. Fromtop to

bottomare: the flow speedthe magneticfield clock anglein the GSEyz plane,the

ratio of B, to the magnetidield magnitue, the magneticfield magnitudethe plasma
density the plasmatemperatureandthe N/B ratio. Note thatIMP 8 magneticfield

magnituesaremultiplied by afactorof 3 anddensityvaluesaremultiplied by afactor
of 2.2for bettercomparisorbetweersolarwind andmagnetoseathobsenrations. The

vertical dashedines from left to right correspondo the bow shock,depletionouter
boundaryandthe magnetopauseespecitiely.
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obsenatiors for this eventareshown in Phanet al. [1997]. From 1300to 2100 UT,
Wind movedinbourd from (5.8,19.6,0.7) R to (-3.8,14.6,-0.3) R, i.e., very close
to the GSE z=0 planeand nearthe duskflank of the magnetopawsandfrom 74° to
109 solarzenithangle. At ~1510UT Wind reachedhe bow shock,asevidentfrom
thejump of the plasmadensityandtemperatureandthe decreasef the plasmaspeed.
A sharpincreaseof the plasmag valueswasalsoobsenedfrom ~1 upstreanof the
shockto ~10 downsteamof the shock,which meanghat the plasmawasdominant
in controllingthe motionin the magnetokeath. Behindthe bow shock,Wind stayed
in the magnetosheatirom 1510to 2000UT. As pointedout by Phanet al. [1997],
a sharpincreaseof plasmadensityvalueswasobsenedin the early part of the Wind
magnetosheatpassageAbout an hourlaterthe densitydroppedto relatively smaller
values. Therewasno obvious solarwind densitystructurein the IMP 8 obsenations
that might correspondo this magnetosbath density structure. However, the IMF
did rotateat this time and,aswe will shov later, the MHD modelusingIMP 8 data
asinput doesreproducea densityenhancemert this time. The plasmavelocity is
lessstructured. It first decreasedbehindthe bow shockandthenincreasedas Wind
approachedhe magnetopauseThe velocity increasebeforethe magnetopauseras
interpretedasdueto theJ x B force [Phanetal., 1997]. Closeto the magnetopause,
anobvious densitydecreasenda magnetidield magnitideincreaseoccurredwhich
wasidentifiedby Phanetal. [1997] asthe PDL. The PDL structurewasnotcorrelated
with ary changein the solarwind plasma.However, therewasa changen the IMF
orientationcoincidentwith the onsetof the decreasén the densityidentifiedwith the
PDL. We do not believe the PDL wasaffectedby this changean the IMF becauséhe
variationin the PDL wasgradualwhile the IMF changewasabrupt. After crossing
the magnetopuse Wind enteredthe LLBL which wascharacterizedby a very sharp
decreaseof the flow speed,the plasmadensity and the magneticfield magnitude,

togethemwith avery sharpincreaseof the plasmaemperature.
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Figure 3.3: Wind trajectoryfor the Jan. 1, 1999eventfrom 1400to 2400UT. Dur-
ing this period, Wind moved inboundfrom (9.0, 9.3,-14.2) Rg, to (-1.0, 11.8,-4.2)
Rg throughthe magnetoBeathand the magnetopauseito the plasmasheet,while
ACE stayedataround(226,38,-2) R upstreamn thesolarwind. Thebow shockand
magnetopauseurvesarecalculatedwvith theempiricalFairfield [1971] model.

During the Wind inboundpassagdrom 1300to 2100UT IMP 8 alsomovedin-
boundfrom (-6.3,31.2,22.7)Rg t0 (-11.3,30.4,22.1)Rg. It waslocateddownstream
of Wind, butremainedipstreanof thebow shockbecausef its largedistancdrom the
Sun-Earthline. During this period,the IMP 8 solarwind obsenationsarerathersta-
ble. No obviousstructuresexist thatwould correspondo the PDL structure although
thereare correlationshetweenmagnetosheathnd solarwind parametersvhich will
bediscussedater A morecompleteanalysisof this eventcanbefoundin Phanetal.

[1997].

3.2.2 TheJan. 1, 1999Event

TheWind trajectoryfor theJan.1, 1999eventis shavn in Figure3.3. The ACE space-
craft provided solarwind obsenations from a position nearthe L1 Lagrangiarnpoint.

Wind andACE obsenationsfor this eventareshovn togetherin Figure3.4. Fromtop
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Figure3.4: Wind andACE obsenationsfor theJan.1, 1999PDL event. Fromtopto

bottom theflow speedthemagnetidield clockanglein the GSEyz plane theratio of

B, to themagnetidield magnitua, the magnetidield magnitde,the plasmadensity

the plasmatemperatureandthe N/B ratio. Note that ACE magnetidield magnitides
aremultiplied by a factorof 3 anddensityvaluesaremultiplied by a factorof 2.2 for

bettercomparisorbetweensolarwind and magnetosheatbbsenations. The vertical
dashedinesfrom left to right correspondo the bow shock,the outerPDL boundary
andthe magnetopausegspectiely. It took ~55 min for the solarwind to corvect
from ACE to Wind, andthe ACE dataareshiftedthis amountof timein thefigure for

bettercomparison.
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to bottam arethe flow speedthe magneticfield clock anglein the GSEyz plane,the
ratio of B, to the magnetidield magnitue, the magneticfield magnitudethe plasma
density the plasmaemperatureandtheN/B ratio. NotethatACE magnetidield mag-
nitudesaremultiplied by a factorof 3 anddensityvaluesaremultiplied by a factorof
2.2 for bettercomparisorbetweersolarwind andmagnetosheathbsenatiors. Since
ACE was~225 Rg upstreanof the Earth,we needto considera delay of ~55 min
whenwe relateWind obsenationswith thoseof ACE. Sucha time delayis included
in Figure 3.4. From 1400to 2400 UT, Wind moved inboundfrom (9.0, 9.3, -14.2)
Rg to (-1.0,11.8,-4.2) R andfrom a solarzenithangleof 62° to 95°. During this
periodit passedrom the solarwind acrossthe bow shock,the magnetosheatthe
magnetopausehe LLBL, andeventuallyinto the plasmasheet.At ~1550UT Wind
crosseghe bow shock. Behind the bow shock, Wind stayedin the magnetosheath
from 1550to 2200UT. Therewasnodistincthigh densitystructureright afterthebow
shockasobsenedin theformerevent. The flow speeddecreasedsWind approached
the magnetopaues Unlike in thefirst event, therewasno accelerategblasmaflow in
thedepletionlayer As Wind approachedhe magnetopauesat ~2200UT, theplasma
densitydecreaseaver a period of nearlytwo hourswith a simukaneousncreaseof
the magneticfield. Clearly, the magneticfield increaseandthe densitydecreaseare
not correlatedwith the solarwind, but asbeforethe onsetof the depletionoccursat
an IMF disconinuity. Like in the previous casewe do not believe thatthis IMF dis-
continuity affectedthe depletionbecausef its abruptnessomparedo the depletion
structure.After crossingthe magnetopausélind enteredhe LLBL. Theflow speed
andthe plasmadensitydroppedto smallervaluesover a very shorttime. Unlike case

1 thereis very little changeof the magnetidield magnitue acrosshe magnetopause.

DuringtheWind inboundpassagé&om 1400to 2400UT, ACE only moved slightly
and basically stayednear (226, 38, -2) Rg. During this period, ACE’s solar wind

parametersvere ratherstableandthe magneticfield remainednorthward during the
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Wind depletioncrossing. Note thatin panel(b) of Figure 3.4 therewasa prolonged
southvardIMF periodfrom 1930to 2010UT in the ACE obsenations. However, there
was only a comparatrely shortperiod of southvard IMF in the Wind obsenations
duringthistime. Sincethe bow shockdoesnot changethe magneticclock anglein yz

planein asignificantway, we believe thatthemostlik ely explanatiorfor thisdifference
is that the solarwind field structureobsened at ACE is differentfrom the onethat
impactsthe EarthbecauséACE was ~200 R, upstreamin the solarwind from the
Earthandit was~40 Rg away from the Sun-Earthiine. Suchdifferencecould have

significanteffectson modelresults,aswe will show laterin this chapter

3.3 Model

The UCLA/NOAA global geospacenodelis usedin this studywhich hasbeende-
scribedin Chapter2. This modelsolves the MHD equationsn a large volume sur
roundingthe Earthsuchthatthe entireinteractionregion betweerthe solarwind and
the magnetospheres included. Specifically the simulaton domaincomprisesthe
bow shock,the magnetopausegnd the magnetotailup to several hundredRg from
the Earth. It canbe driven by real solarwind plasmaandIMF obsenations. NOAA
CoupledThermospheréonosphereModel (CTIM) is includedto handlethe coupling
betweenthe magnetospereandthe ionoshere. The MHD modelwasdiscussdin
more detail by Raeder[1999], the CTIM modelwas discussedn detail by Fuller
Rowell et al. [1996], andthe coupledmodelwasfirst presentedn detail by Raeder

etal. [2001].

In theJan.12, 1996 event,the Wind spacecrafpassedhroughthe magnetopause
at the dusk side magnetopaus#ank, which is abouty=15 Rg andz=0 Rg. In the
Jan. 1, 1999 event, the Wind spacecrafppassedhroughthe magnetopauwesalso at

its duskflank but in the southerrhemisplereat abouty=15 Ry andz=-8 Ri. For the
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simulationspresentedherewe have adaptedhe MHD grid suchthatthebestresolution
is obtainedn thevicinity of the spacecraforbit of interest.Specifically within afew
Rg of the spacecraftrajectorythe grid sizeis ~0.2 Ri. We will shawv later thatthis

resolutionis sufficientto resohe the PDL.

Solarwind plasmaandIMF obsenationsby IMP 8 andACE areusedastheinput
of the globalmodelin the two simulations,respectrely. The datagapsin the IMP 8
obsenatiors during the simuation periodarefilled by linear interpolation Because
of the difficulty of usingIMF B, obsenationsasmodelinput, we setthe solarwind
B, componento zeroin the simulations presentechere. As we have discussd in
Chapter2, thistreatmenwill not have majoreffectsonthe PDL. The simuationruns
cover from 1300to 2100 UT for the first eventand from 1400to 2400 UT for the

seconcevent

3.4 Results

3.4.1 TheJan.12,1996Event

The modeltime seriesresultsalong Wind trajectoryduring this event are shovn in
Figure3.5,alongwith theWind data.Fromtop to bottomin Figure3.5aretheplasma
velocities perpendiculamand parallel to the local magneticfield, the magneticfield
threecomponentandmagnitide,theplasmadensity the plasmaemperaturethe N/B
ratio, andthefield line connecwity (to be definedlater). The simulaton resultsshov
thebow shockcrossingslightly laterthanobsenedby Wind (spatialdistancas ~0.75
Rg which is aboutthreetimesthe local grid size). However, the differenceis in-
significantfor this studyandit canbe attributedto the limited spatialresolutionof the
simulation nearthe bow shock,the missirg B,, in the modelinput, andthe neglect of
pressureanisotroly [DentonandLyon, 2000]. During the remainingWind passage

in the magnetosheatthe model resultsfit well with Wind obsenrations. In partic-
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Figure3.5: Comparisorbetweerthe time seriesfrom the globalmodelresultsalong
the Wind trajectoryand Wind obsenations for the Jan. 12, 1996event Fromtop to
bottom the plasmavelocitiesperpendiculaand parallelto the local magneticfield,
the magneticfield threecomponentsand magnitue, the plasmadensity the plasma
temperaturethe N/B ratio, andthe field line connecwity. Thethreevertical dashed
linescorrespondo thethreeverticallinesin Figure3.2.
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ular, the depletionstructurewith lower plasmadensityand higher magneticfield as
obseredby Wind is reproducedThevelocity valuesperpendiculaandparallelto the
local magnetidield alsofit well with Wind obsenations duringthis period,with only
smallshifting of ~50km/sin theperpendiculavelocity valuesin thedepletionregion.
During the entire Wind magnetokeathpassageincluding the depletion,modeltem-
peraturevaluesarehighly consistentvith obsenations.After 1955UT, theLLBL and
theplasmasheetareencounteredndthemodelresultsdeviate moresignificantly from
the obsenations Specifically a sharpperpendicularelocity drop obsered by Wind
is not fully reproducedy the model. Also, the magneticfield is not predictedcor-
rectly. Themodelshows plasmaperpendicularelocity decreaséut ata muchslower
rate,until the velocity reacheghe obseredvaluesat ~2020UT. The modelparallel
velocity valuesfit well with Wind obsenrationsduringthetransitionfrom thedepletion
to the LLBL andinsidethe magnetopaues In contrasto the decreasingaluesof the

total magnetidield obsenedby Wind, themodeltotal magnetidield increaseslowly

from 1955t0 2100UT. Densityvaluesexperiencethe sametrendasthe perpendicu
lar velocity, i.e., a smoothdecreasensteadof a sharpdrop of the plasmadensityis
obtainedin the model. A large differencebetweenthe modelandthe obsened tem-
peraturesoccursinside the magnetopawes This canbe attributedto the fact thatno
high enepetic ring currentparticlesareincludedin the model. Model N/B valuesfit
well with obsenations too, andthereis a sharptransitionof N/B valuesbeforeand
afterthe depletion which is expected.This impliesthatthe N/B ratio canbe usedas

aneffective measurdo identify the depletionstructure.

To complenent the visual evaluaton of the fit betweenmodeland obsenatiors,
herewe alsocalculatethe standardleviations of obsenations(SD) andaveragedepar

turesof modelresultsfrom obsenatiors (AD), which aredefinedas:

. _
= — L 2
SD J N _—1 i§:1(‘/;bs,z ‘/;bs) ) (31)



1 N
AD = N Z |Vmodel,i - V;Jbs,i ) (32)
=1

whereN isthetotalnumberof datapointsin given timeinterval. Theresultsareshavn

in Table3.1.

Table 3.1: StandardDeviations of Obsenations and AverageDeparturesof Model
Results

16:40-19:53JT 16:40-1905UT 19:05-19:5 UT
Component SD AD” SD AD SD AD

V. (km/s)  72.6 36.2 45.6 29.7 54.1 54.6
V| (km/s)  53.3 22.4 27.2 18.3 74.1 34.8
B, (nT) 3.9 2.3 2.8 1.8 4.8 3.9
B, (nT) 33 15 1.7 1.3 3.7 1.8
B, (nT) 10.3 3.6 6.2 3.8 6.6 3.2
B (nT) 51 1.7 2.6 1.9 33 1.1
N (cm™3) 8.4 3.9 2.9 4.0 7.9 3.4
T (eV) 12.2 19.2 2.5 18.7 20.5 20.8
N/B (L/cn? nT) 0.7 0.3 0.3 0.4 0.4 0.1

aStandardeviation of Obsenations
A AverageDepartureof Model Resultsfrom Obsenations

In Table 3.1, we choosethreetime intenvals for standarddeviation and averagede-
parturecalculations: 16:4019:55 UT (both the magnetosheathnd the depletion),
16:40-1905 UT (the magnetokeath),and 19:05-19:55UT (the depletion),in order
to quantify the matchbetweenrmodeland obsenations. We do not includethe early
part of the magnetoskathpassagdecauset is not relevantto the depletion. From
Table 3.1 we canseethat modelaveragedeparturesre,in mostcasessmallerthan
or comparabldo the standardieviations of the obsenatiors. Also, themodelaverage
departuresrealwaysmuchsmallercomparedo their correspondingbsenation val-
uesaswe canseefrom Figure3.5. In rarecasesg.g.,density temperatureandN/B

in the magnetosheatmodeldeparture$4.0 cm=3, 18.7eV, and0.4 cm=3nT~1) are
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largerthanthe standardleviations of obsenations However, thesedeparturesrestill
muchsmallerthantheir averagebackgroundvalues,which are~100cm~3, 100eV,
and2 cm=3nT~!, respectiely.

Panel(j) in Figure3.5 shavs the connectvity of thefield linesalongWind trajec-
tory fromthemodelresults. Theconnectvity of afield line is definedastheconnection
betweerthis field line andthe Earth. Therearethreetypesof connectionsbothends
of afield line connectto the solarwind (marked by a value of 0 andalsocalled so-
lar wind field line); oneendof a field line connectdo the Earthandthe otherto the
solarwind (marked by a valueof 1 andalsocalledopenfield line); andboth endsof
afield line connectto the Earth (marked by a value of 2 andalsocalled closedfield
line). Panel(j) shows thatthe depletionlies primarily on openfield lines during this
event. Becausehe IMF is stronglynorthward, thesefield lines canexperiencecusp
reconnectioranddrapeover the daysidemagnetopauser his might contritute to the
formationof the depletion However, morework is neededo determinethe detailed
influenceof thecuspreconnectiono thedepletionprocessyhichis beyondthescope

of thisdissertan.

Figure 3.6 shaws the three-dimensiondiield line configurationalong the Wind
trajectoryat2000UT for thisevent. Theboundarybetweeropenandclosedfield lines
is shavn asa pink surface. The z=0 Ry planeshaows the plasmadensityandthe y=-6
Rg planeshaws the plasmapressureField linesalongthe Wind trajectoryareshavn
with differentcolors:green black,andblue,which correspondo thesolarwind, open,
andclosedfield lines, respectiely. Thefield linesthatthreadthe PDL region arefor
themostpartopen.They obviously originak from thereconnectiorbetweerthe IMF
andthe northernlobe, which is typical for northward IMF conditions. Unlike in the
caseof very strongnorthward IMF, where simutaneousreconnectiorof IMF field
lines at the northernand the southernlobe canoccur in this casethe reconnection

only occursin one hemisphere.The resultingnew openfield lines thendrapeover
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Figure 3.6: 3D field line configurationalongthe Wind trajectoryat 2000UT for the
Jan. 12, 1996 event. The boundarybetweenopenandclosedfield linesis shavn as
a pink isosurfice. The z=0 Rg planeshaws the plasmadensityvaluesandthe y=-6
Rg planeshaws the plasmapressuresalues.Field linesalongthe Wind trajectoryare
shavnwith differentcolors:greenblackandblue,whichcorrespondo thesolarwind,
openandclosedfield lines,respectrely.

daysidemagnetopause&sevidentfrom Figure 3.6. In the magnetoskaththesefield

linescorvecttailwardandwill eventuallypbecomepartof thelobe.

3.4.2 TheJan. 1, 1999Event

Themodelresultsalongthe Wind trajectoryduringthis eventareshavnin Figure3.7,
alongwith theWind obsenations Fromtopto bottomin Figure3.7 arethe plasmave-
locities perpendiculaandparallelto the local magnetidield, the magnetidield three
component&nd magnitide, the plasmadensity the plasmatemperaturethe N/B ra-
tio, andthefield line connectvity. Similarto casel, thelocationof the bow shockis
not preciselydeterminedyhichis notimportantfor our study During the remaining
Wind passagé themagnetokeath themodelresultsfit well with Wind obsenatiors.

The depletionstructurewith lower plasmadensityand higher magneticfield as ob-
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Figure 3.7: Comparisonbetweenthe time seriesof the global modelresultsalong
Wind trajectoryandWind obsenatiors for the Jan. 1, 1999PDL event. Fromtop to

bottom the plasmavelocitiesperpendiculaand parallelto the local magneticfield,

the magneticfield threecomponentsand magnitue, the plasmadensity the plasma
temperaturethe N/B ratio, andthe field line connectity. Thethreeverticaldashed
linescorrespondo thethreeverticallinesin Figure3.4.
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sened by Wind is alsowell reproduced.Model velocity valuesfit well with Wind
plasmavelocity obsenationsduring all the Wind magnetosheatpassageln partic-
ular, the modelperpendiculaand parallelvelocity valuesmatchthe plasmavelocity
patternsn thedepletionregion obsenedby Wind. Meanwhile themodeltemperature
valuesfit well with obsenationsduring the entire Wind magnetosheatpassageThe
modelmagneticfield anddensityvaluesfit well with Wind obsenations too. After
2200UT, the LLBL andthe plasmasheetare encounteredIn contrastto the results
of casel, a sharpparallelvelocity drop obsered by Wind is not fully reproducedy
the model. The modelshows plasmaparallelvelocity decreasdut at a muchslower
rate. The modelperpendicularvelocity valuesfit well with Wind obsenationsduring
thetransitionfrom the depletionto the LLBL andinsidethe magnetopauseifferent
obsenedtransiton patterndor perpendiculaandparallelvelocitiesacrosshemagne-
topausean thetwo eventsarepossiby relatedto differentlatitudesfor thetwo evens.
Differentfrom casel, the modelmagneticfield anddensityvaluesfit muchbetterto
the Wind obsenationsinside the magnetopauseA large differencebetweenmodel
andobsenationtemperaturelsooccursinsidethe magnetopauseyhich is similar to
the first event. Model N/B valuesalsofit well with obsened N/B valuesinside the
depletionandin mostpart of the magnetosheathHowever, a very large difference
betweenmodelandobsered N/B valuesoccursjust beforethe depletion. The most
likely causéfor thislargeerroris that,aswe have mentionedn Section3.2.2,theIMF
structureobsenedat ACE mightnotbetheexactIMF structurethathit theEarth. This
is atypical limitationof usingsolarwind obsenationsobtainedrelatively far from the
Earthandthe Sun-EartHine whichrequirescarefulconsiderationvhencomparinghe
modelresultswith in situ data.We have donethe sameerroranalysisaswe did for the

first eventandsimilar resultsareobtainedwhich arenot shown here.

Panel(j) in Figure3.7 shawvs the connectvity of thefield linesalongWind trajec-

tory from the modelresults. Similar to casel, in the depletionregion field lines are
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Figure3.8: SnapshotalongWind trajectoryfrom 1300to 2100UT for threedifferent
times: 1800,1930,and2100UT for theJan.12,1996event. Overlaidaremodeltime
seriesresultsalongthe Wind trajectoryduringthis event. The panelsshow, from top
to bottom the flow speedthe magneticfield magnitude andthe plasmadensity The
threeverticaldashedinescorrespondo thethreeverticallinesin Figure3.2 counting
in oppositedirection.

open.However, insidethemagnetopausie theLLBL region,thefield linesareatleast

partially opentoo, whichis differentfrom casel.

3.4.3 Spatial-Temporal Ambiguities

In orderto have a betterunderstandig of the depletionstructure,we considerthe
differencedetweertherealdepletionstructuresandthe spacecraftiepletionobsena-
tions. Thelatterareaffectedby bothtemporalandspatialevolutionsof the depletion.
Figure3.8shavstheflow speedthemagnetidield magnitule,andthe plasmadensity
alongWind trajectoryfrom 1300to 2100UT for the Jan. 12, 1996event. Insteadof

usingtime seriesaswe have donein Figure3.5, herewe only take snapshotsf these
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interestingparametergalongWind trajectoryduringthe sameperiodfor threespecific
times: 1930, 1800,and 2100 UT. Thesethreetimes are the centerof the depletion
obsenationtime at Wind, onehouranda half beforeandafterthattime. Overlapped
in thesepanelsaremodeltime seriesresultsalongWind trajectory Both temporaland
spatialvariationsare keptin thetime seriesresultscomparedo the snapshotesults.
We plot the resultsversusposition alongthe GSE x axis. Onevery prominentfea-
ture of the figure is that, differentfrom the modeltime seriesresultsalongthe Wind

trajectory which fit well with Wind obserationsand matchmary fine structuresn

the magnetokeathandthe depletion the snapshoprofilesof the modelresultsalong
Wind trajectorylook muchsmootherThesamaeis truefor thesecondevent. Thus,the
relatively fastvariationsin thetime seriesdo not necessarilycorrespondo the spatial
gradientdn the magnetosheattout mary of themareapparentlycausedoy the con-
vectionof theplasmaandfield structurepastthe spacecraftThisalsosuggestthatat

ary instantthe real depletionstructureis smooher andlessstructuredthanobsened

by Wind, which in factmeasuresornvectedstructuresaswell asthe spatialgradients
in the magnetosheathin Figure 3.8, the spatialdepletionstructureis similar for all

the threetimes. This meanshatthe depletionstructureundernorthward IMF in the
duskflank of the magnetopatesis fairly stablewith time, insteadof beinga transient
structure.Similar resultsareobtainedfor case2. In contrasto the monotoncally de-
creasingplasmavelocity obsenedby Wind in themagnetosheatbeforethedepletion,
panel(a) in Figure 3.8 shavs that both increaseand decreasef the plasmavelocity
may exist at differenttimes. At all threetimes,a velocity increasenccursat the begin-

ning of the depletionanda velocity decreaséollows in thelater partof the depletion.

For the distinct density peakduring the early phaseof the Wind magnetosheath
passagen the Jan. 12, 1996 event in additionto the modelresultsshovn in Figure
3.5,we obtainthe snapshotsf the plasmadensityalongWind trajectoryfrom 1300to
2100UT for threedifferenttimes: 1500,1600,and1700UT asshowvn in Figure 3.9.
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Figure3.9: DensitysnapshotalongWind trajectoryfrom 1300to 2100UT for three
differenttimes: 1500,1600,and 1700 UT for the Jan. 12, 1996 event. The three
vertical dashedines correspondo the threevertical linesin Figure 3.2 countingin
opposit direction.

Thesdimesarearoundthetime whenWind obseredthe magnetosheattiensitypeak
structure. From the comparisont is clearthat the unusualdensityincreaseat 1500
UT is just a transientfeature,insteadof beinga stablestructuredownstreamof the
bow shock.In panel(c) of Figure3.8thereis no suchdistinct densitystructureeither
From IMP 8 obsenationswe canseethat this structureis likely causedoy the rota-
tion of the IMF from 1500to 1600UT, whenWind was passinghroughthis density
peakregion (Figure3.2). Thisis consistentvith the three-dimensioal MHD magne-
tosheathsimulaton resultsby [CableandLin, 1998]which shavedthat high plasma
densityin the magnetokeathcouldresultfrom theinteractionbetweemmagnetidield
rotationaldisconinuity andthebow shock.However, thedensitypeakobseredin the
magnetosheatbanalsobe the effect of foreshockcavities causedy IMF variatiors.
Sibecketal. [2000] foundthatthearrival of a density/pessurecavity increasebound-
ing a cavity shouldcausea spacecraftocatedin the magnetoleathjust outsideof the
magnetopaust obsene densityincreases.Obsenationsand model resultsfor the
secondeventdo not shov sucha densitypeak,however, which further confirmsthat
sucha densitystructuregjust downstreanof the bow shockis not a stablestructureof

themagnetoseath.
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Figure 3.10: The plasmadensityandthe magneticfield magnitudein the z=0 plane
at 1900UT for theJan. 12, 1996 event. The open-closeanagneticfield boundaryis

shavn asa red zigzagcurve in eachof the panels. The Wind trajectoryfrom 1300
to 2000UT is alsoshawvn asa red smoothcurve on the top of eachpanel. On the

open-closednagneticfield boundaryfrom noonto duskwe draw a straightline for

every hourlocaltime perpendiculato theboundarypointingaway from the magneto-
sphere.The plasmadensityandthe magnetidield magnitudevaluesalongthesesolid

straightlinesareshown in Figure3.11.

3.4.4 Local Time and Latitude Extent of the PDL

Theresultspresentedn the previous sectionsshowv thatthe depletionis a fairly large

structurewith athicknesf aboutl.5Rg atthelocationof theobsenrations. However,

theobsenationsweretakenfarawayfromthesubsolaregion,i.e.,at~1840LT for the
Jan.12,1996event,andat ~1740LT for theJan.1, 1999event. In orderto putthese
resultsinto the context of otherobsenationswhich may betakenat otherlocal times,
andwhichusuallyshav amuchnarraver PDL closerto localnoon,we hereinvesticate
how the PDL thicknessvariesasa function of local time andlatitude. Sincethe two

previously presentedvens arerathersimilar we restrictthe invegigationto the Jan.
12,1996event

Figure3.10shawvs the plasmadensityandthe magnetidield magnituden thez=0
planeat 1900UT for theJan.12,1996event. Note herethatthe magnetidield values
areclippedat100nT in orderto make thefield structuresn the magnetosheatbetter

visible. The open-closednagneticfield boundaryis shovn asa red zigzagcurve in
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Figure3.11: Theplasmadensity themagnetidield magnitudeandtheN/B ratioalong
thesolid straightlinesshowvn in Figure3.10.

eachof the panels.Although the modelopen-closedanagnetidield boundarydoesnot
necessarilycoincidewith the magnetopausas definedby otherparameterssuchas
temperatureor currentdensity it is mucheasierto identify in the simulaton results
which do not provide steepgradientsacrosghe magnetopauseilso, the open-closed
boundaryshoud befairly closeto the daysidemagnetopaus@especiallynearthe sub-
solarpoint The Wind trajectoryfrom 1300to 2000 UT is shovn asa red smodh
curve in eachof the GSEz=0 cuts. On the open-closedanagnetidfield boundaryfrom
noonto duskwe draw a straightline for every hour local time perpendiculato the
boundarypointing away from the magnetospére. The plasmadensityandthe mag-
neticfield magnitudealongthe solid straightlinesin Figure3.10areshown in Figure
3.11. Figure 3.11 shaws thatthe PDL, with the characteristic®f the plasmadensity
decreasandthe magneticfield magniudeincreasereachessfaras1800LT. At the
subsolapoint,asharpPDL structurewith distinctdensitydecreasandmagnetidield
magnitue increases seen. The thicknessof the PDL at the subsohr point reaches
~0.3Rg. Moving away from the subsolapoint, the PDL structurebecomesmoother
andthicker. At 1800LT, thePDL is still clearlydiscerniblewith athicknessof ~1.5
R, but the gradientsof the plasmadensityand the magneticfield magnitudein the

PDL arewealer. In addition,the PDL thicknesschangeson-uniformy with LT. For
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Figure 3.12: The plasmadensityandthe magneticfield magnitudein the y=0 plane
at 1900UT for theJan. 12, 1996 event. The open-closeanagneticfield boundaryis
shavn asa white zigzagcurve in eachof the panels.On this boundaryfrom the GSE
z=0 planepolevardwe draw astraightline every 10° until 40° latitudeperpendicular
to the open-closednagneticfield boundarypointing away from the magnetospére.
The plasmaandfield propertiesalongthesesolid straightlines are shavn in Figure
3.13.

example,thePDL thicknessat 1300LT is virtually the sameasthatat noon.

Figure3.12shaws the plasmadensityandthe magnetidield magnitua in they=0
planeat 1900 UT for the Jan. 12, 1996 event, in the sameformat as Figure 3.10.
Onthe open-closedield line boundaryfrom the GSEz=0 planepolevardwe drav a
straightline, for every 10° until 40° latitude, perpendiculato the boundarypointing
away from the magnetospére. The plasmadensityandthe magneticfield magnitude
valuesalongthesesolid straightlines are shavn in Figure3.13. Figure3.13shavs
thatthe extentof the PDL reachesashighas4(° latitude. Still, atthe GSEz=0 plane
the PDL structureis the sharpesaindthinnest.Moving in the polevarddirection,the
PDL structurebecomesmooherandthicker. ThePDL structureis still distinctat40°.
However, at higherlatitudes,it becomesnoredifficult to definethe PDL becausef

thevicinity of thecusp.

In sumnmnary, the simuation resultsshowv thatthe PDL is thinnestat the subsolar
point with a thicknessof ~0.3 Rg, andthe thicknessincreasesion-uniformy both

in local time andin latitude. We note, however, that the subsolarthicknessis only
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Figure3.13: Theplasmadensity themagnetidield magnitudeandtheN/B ratioalong
thesolid straightlinesshowvn in Figure3.12.

maiginally resohed by the MHD code. Thus,in reality the PDL may evenbethinner

nearnoon.

3.5 Discussion

The muchsmoothemodelresultsfor the magnetopatescrossingarelikely from the
insufficientresolutionof the modelnearthe boundarybetweerthe magnetosheatand
theLLBL. Althoughthemodelresolutionis assmallas0.18Ry nearthe PDL region,
this grid sizeis still fairly coarsecomparedo the muchsmallertransition length of
~0.01Rg quotedby Songetal. [1993]. As pointed out by Winske andOmidi [1995],
diffusion doesnot play a significantrole in the magnetopausprocess.However, in-
sufficientmodelresolutionin thetransition layer, andthushighernumericaldiffusion,
makesthe modelresultsdeviate from reality. This conclusim is consisént with the
resultof Lyon[1994],who emphasizethe needof higherresolutionin thePDL. Such
asmallgrid sizeis very hardto achiere by a globalmodelwithout moresophisicated

numericaltechniquedik e adaptve meshrefinement.

In our model simuation ideal MHD with isotropic pressures used. The good

consisteng of the magnetosbathstructuresetweerour modelresultsandin situ ob-
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senationsindicateshatpressureanisotropy is, atleastfor thetwo evens thatwe have
studied,not very important. For the Jan. 12, 1996event, small pressurenisotropy is
obseredin the magnetosheat{l 4,/ T,erp = 0.8) andimmedately inside the mag-
netopaus€T .o/ Tperp = 0.9). The smallanisotropy is consistentvith the goodre-
productionof the obsened magnetokeathfeatureshy theideal MHD modelwith no
anisotropt terms. Also, consideringthe resultsof Dentonand Lyon [2000] which
shovedthatthe exactform of the parallelpressuregradientforce may not be critical
to the global dynamicsof the PDL andthe anisotropiceffectsin three-dimensinal
casemight be lessthanthatin two dimengonal case,we cansay that our isotropic
MHD globalmodelshouldgivefairly gooddescriptiorof thePDL processgvenwhen
anisotropy is notverysmall Becaus®ur modelresultsdeviatesomewhatfrom obser
vationsin the LLBL region with evenlower anisotrofy in bothevents,it is notlikely
that pressureanisotropy, not includedin our model, plays an importantrole for this
inconsiseng/. Thelargedeviation betweermodelandobsenationtemperatureénside
the magnetopausinpliesthat othermechanism, e.g.,ring current,might be needed

in the globalmodelto betterdescribethe magnetospereregion besidethe PDL.

3.6 Summary and Conclusions

The primary purposeof this chapteris to testthe validity of the MHD framework
to studythe PDL. We concentrateen two depletionevent away from the subsolar
region for which sufficient dataare available for a meaningfulcomparisorwith the

simulationresults.Ourfindingsareasfollows:

1. For thetwo evensthatwe studiedthe MHD descriptiorwith isotropicpressure
is sufficientto describehedepletionformation. Thevisualconsisteng between
the obsenationsandthe modelresultsis good. The averagemodeldeparturas

usuallysmalkr thanthe standardleviation of obsenationsandit is alsousually
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muchsmallerthanthe correspondingnormalobsenations Any otherprocesses

thanisotropicMHD arethusunlikely to play animportantrole.
. ThePDL is stableduring stablenorthward IMF conditions

. Single spacecrafbbsenationsof the PDL can be significantly differentfrom
thereal spatialPDL structure.Thisis primarily dueto the changingsolarwind
conditions andthe motion of the spacecraftelative to the magnetopausthatis
causedoy small fluctuationsof the solarwind dynamc pressure.As a conse-
guenceheobsenationsmake the PDL appeato bealot morestructuredhanit

reallyis.

. Thedepletionstructureextendsat least6 hoursmagnetidocal time away from
the subsaéir point on the magnetopusein the GSEz=0 plane. Also, the PDL
extendsat leastto 40° latitude from the GSE z=0 planeand makes a smodh
transition into the cusp. The sharpesPDL structureexists nearthe subsolar

pointandthe PDL becomesmooherandthicker moving away from it.
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CHAPTER 4

The Physics of the PDL: Magnetosheath Flow Structure

and Forces

4.1 Intr oduction

In Chapter3, we validatedthe UCLA globalMHD modelin studyingthe formation
of the PDL by comparingmodelresults,usingrealistic solarwind obsenatiors asa
driver, with in situ plasmadepletionlayer obsenatiors. Large scaleandglobal PDL
simulationsto datehave beenconcentratingpn theexistenceof the PDL in thosesimu-
lationsandthedependencef thePDL onsolarwind conditions,e.g.,solarwind Mach
numberandIMF clock angle[Wu, 1992;Lyon, 1994;Siscoeet al., 2002]. No global
simulationshave beenconductedo addresshe detailedformation of the PDL, in-
cludingtheforcesresponsibldor flux tubedepletionin the magnetoskath.Although
the Southwood and Kivelson [1995] model gave a phenomenolgical descriptionof
the structureandthe underlyingphystcsfor the formationof the PDL, the validity of
their modeldependn the propagatiorof the slov modewavesin the complex flow
andfield geometryof the magnetosheathThe questionwhetherthe proposedslowv
modefront existsin the magnetosheattif, so, whetherit cansignificantlychangethe

propertyof plasmaandfield acrosst, remainsopen.

In this chapter we extend our previous work and useglobal MHD simulations
to addresghe fundamentaphysts relevantto the formationof the plasmadepletion

layer. We discusdifferentcasedor oneto threedimensionsandfind thatonly three
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dimensimal modelscanexplain the formationof the PDL. We studytheforcesin the
magnetosheathnd find that the plasmapressuregradientforce plays very different
role thanthatin gasdynant modelsin controlling the plasmamotionin the magne-
tosheathThusMHD insteadof gasdynamicmodelsshouldbe usedto studythe PDL.
MHD forcesplay differentrolesin differentregionsalongthe pathof a plasmaparcel
flowing aroundthe magnetopaust form the PDL. Forcesfor regionswith differ-
entcharacteristicareidentifiedalongthe streamlingpassinghroughthe PDL. Forces
alongflux tubesat differentstagef their depletionin themagnetosheathrealsoan-
alyzed.We find thatthestrongpressuregradientforceatthebow shockpushegplasma
alongtheflux tubeaway from the GSEz=0 planefor the northward IMF usedin this
study Within the magnetosheath pressuregradientforce exists nearthe subsolar
magnetopauspushingplasmaaway from the GSEz=0 planeto depletetheflux tube.
While far away from the subsolarmagnetopauwesin the magnetokeath,a different
pressurggradientforce exists which pusheglasmatoward the GSE z=0 plane. This
new andmoredetaileddescriptionof flux tubedepletioninsidethe magnetosheatis
comparedwith the two stepflux tube depletionproposedoy Zwan and Wolf [1976]
anddifferencesarefound. Nearthemagnetopauséhe pressurgradientforceis more
comple anddensityenhancemeratlongthefield line canoccur asassumedby South-
wood and Kivelson[1992]. This might be responsike for the obsened two-layered

slow modestructure§Songetal., 1990,1992].

In thischapter! will firstdiscussMIHD forceswhichcontroltheflow in themagne-
tosheathrom MHD pointof view. Thenl will give abrief discussio aboutthemodel
issuesjncluding theimportantparametersisedin our modelruns. After that, | will
discusghe modelresultswith emphasion the forcesthatgovernthe magnetosheath
flow andthe depletionof flux tubes.| will shav thatdistinct flow andforce regions
exist thatexplain how the PDL forms. Finally, | summarizeheresultsandpresenia

refinedmodelfor the PDL formation.
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4.2 Theory

Spreiters modelis oneof the earliestmodelsto describethe flow patternin the mag-
netosheatliSpreiteretal., 1966]. In thismodel,the Earthmagnetosphers treatedas
a bluntbodyandthe gasdynant equationsarenumericallysolvedfor the bow shock
andthe magnetosheatplasmaconditiors givena setof solarwind conditions. How-
ever, it is agasdynamienodelandtheonly force controling the plasmamotion in the
magnetosheatis the plasmapressurayradientforce. Althoughmagneticfield canbe
obtainedfrom Spreiters model[Alksne, 1967],it is donein a kinematt way andno
magneticforcesare consideredn the calculation.In orderto stopthe plasmamotion
toward the subsolarmagnetopates theremustbe a pressuregradientforce pointing
away from the sunward magnetopauwes This usuallycorresponds$o an enhancement
of the plasmadensitytoward the magnetopauseUnlessthe plasmag (the ratio be-
tweenthe plasmathermal pressureand the magneticpressure)s much larger than
unity in themagnetosheatla,gasdymamicmodelwill notgive thecorrectpressurend
densityalongthe stagnatio streamline.However, when g valueis very largeandthe
magnetidorceis relatively weak,thebehaior of themagnetokeathplasmashouldbe
similarto thegasdynant resultsmaybewith the exceptionof theregion very closeto

the subsahr pointonthe magnetopuse.

In idealMHD, the plasmamotion is describedy the momentunequation:
du .
P = -Vp+jx B, (4.1)

wheredu/dt is the rate of changeof a plasmaparcels velocity alongits flow path
(Lagrangianderivative). Thereare two forcescontroling the motion of the plasma
parcel:the pressurgradientforce,—Vp, andthemagnetidorce,j x B. Thepressure
gradientforce is directly relatedto the plasmadensityandtemperatureandthereis

no constraintfor its orientation However, the magnetidforceis alwaysperpendicular
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to thelocal magnetidfield. Thisimpliesthattheacceleréion/deceleratiorof a plasma
parcelalonga magneticfield line canonly be causedy the pressuregradientforce.
For a given particularfield line in the magnetosheattsincedifferentplasmaparcels
alongthisfield line take differentpathsto their currentlocationsfrom the solarwind,
the plasmapressuresit thosepointswill in generalbe different. Thuspressuregradi-
entsalongthis magnetoskathfield line will form thatdrive the plasmaflow alongthe
field line. We will studythe detailedforcesalongmagnetosheatimagneticfield lines

in Sect.4.4.3.

Becauseof the pressurggradientsalong magneticfield lines no one-dimensinal
model can accountfor the plasmadepletionlayer formation. For two-dimensonal
models,let first assumedhatthe flow is in the x direction,andthe magnetopausex-
tendsinfinitely in the z direction. Thentwo-dimensbnalmodelscanprincipally either
have magnetidield perpendiculato thexz planeor alongthez direction.In theformer
case field lines cannot corvectaroundthe obstaclewhich leadsto an unconstrained
flux pile-upthatis notrealistic. Assumng afinite normalvelocity componenthrough
themagnetopausmightleadto a steadysolution. However, thedependencen sucha
parametestill would leadto anunrealisticmodel.In thetwo-dimengonal casewhere
thefield is alongthez direction,no PDL candevelopbecausd is similarto thegasdy-
namiccaseby replacingp in thegasdynand casewith p + B? /2, in theMHD case.
The caseof magneticfield having an arbitrary anglealsoleadsto flux pile-up. We
thus concludethat the PDL formationis fundamentail a three-dimensiongbrocess
thatnotonly requiresathree-dimensioal modelbut alsothe analysisof gradientsand

forcesin all threecoordinatadirections.
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4.3 Model

The UCLA global model can be driven by either spacecrafsolarwind plasmaand
IMF obsenationsor by idealizedsolarwind plasmaandIMF conditions. In our for-
mer plasmadepletionlayer casestudyfor modelvalidation, we usedmeasuredolar
wind plasmaandIMF obsenationsto drive the modelandthencomparednodelre-
sultswith in situ PDL obsenatiors. In this study however, we useidealizedsolar
wind plasmaand IMF conditionsto avoid the compleities that arisefrom temporal
solarwind variations The input parametersisedin this studyare (in the GSE coor
dinate): V=(-450,0, 0) km/s, B=(0, 0, 7) nT, N=6 cm~3, and T,=T.=10 eV. These
parametersretypical valuesfor solarwind conditions exceptfor the magneticfield
which we choosethe northward direction. Thereis no dipoletilt in the modelruns
presentedn this chapter The MHD modelusesa stretchedCartesiangrid [Raeder,
2003]. In this study we have morethan~20 grid pointsbetweerthe bow shockand
the magnetopausealongthe Sun-Earthline, correspondingo a spatialresolution of
~0.15Rg in the subsdar magnetosheatregion. Thisis sufficientto resole the PDL
with typical obseredthicknessof ~0.3-0.5Rg. All themodelresultsshavn hereare
three hoursafter the startingof eachglobal modelrun, when stablemagnetosheath

structureshave alreadybeendeveloped.

4.4 Results

4.4.1 BasicMagnetosheathPattern

The plasmadensityandthe magneticfield magnitudein the z=0 planeare shavn in
Fig. 4.1. The open-closednagneticfield boundaryis shovn asa red zigzagcurve
andstreamlinesreshovn aswhite smoothcurvesin eachof the panels.Plasmalow

comingfrom the solarwind is first deflectedat the bow shock,thenit movesaround
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Figure4.1: Theplasmadensityandthemagnetidield magnituden thez=0plane.The
open-closednagneticfield boundaryis shavn asa red zigzagcurve andstreamlines
are shovn aswhite smoothcurvesin eachof the panels. We drav several radially
outward straightlinesfrom the centerof the Earth. The plasmaandfield valuesalong
theseradiallinesareshavnin Fig. 4.3.
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Figure4.2: The plasmadensityandthe magneticfield magnitudein the y=0 plane.
Magneticfield linesareshovn aswhite smooh curves. Theotherformatsof thefigure
arethesameasthosein Fig. 4.1. Theplasmaandfield valuesalongtheradiallinesare
shovnin Fig. 4.4.
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the magnetopause the downstreammagnetosheathThe plasmadensity and the
magneticfield magnitude in the y=0 planeareshownn in Fig. 4.2 in the samemanner
asin Fig. 4.1, exceptthat magneticfield lines are shovn as white smoothcurves.
Themagnetidield magnitweincrease$rom thebow shocktowardthe magnetopause
alongthe streamlineclosestto the stagnatiorine in theright panelof Fig. 4.1. This
impliesthatmagneticfield lines arepiling up on the magnetopauseifterward, these
field linesaredrapedaroundthe magnetopauseith plasmaflow. In bothFig. 4.1and
Fig. 4.2,aclearPDL featurewith decreaseglasmadensityandenhancednagnetic

field is seemearthe subsolamagnetopause.

Severalradially outwardstraightinesaredravn from thecenterof the Earthin Fig.
4.1, which aremarked 0-4. Someplasmaandfield parameteralongtheselines are
shavnin Fig. 4.3. Fromtop to bottomin Fig. 4.3 aretheflow velocity, the magnetic
field magnitua, the plasmadensity andthe ratio betweernthe plasmadensityandthe
magneticfield magnitde (N/B). The magnetospheris on the left side of the figure,
the solarwind is on the right side of the figure, and the magnetokeathis between
the magnetoghereandthe solarwind. The magnetopauses definedasthe boundary
wherethe magnetosheatfiow velocity is closeto zero. The magnetopauskecations
on lines 0-4 are shavn asblack dots. In panel(c) of Fig. 4.3, plasmadepletionis
seenclearly nearthe magnetopausi the magnetosheatbn lines 0-3, which implies
thatthe PDL extendslongitudinally alongthe magnetopawes However, the patterns
are differenton eachof theselines, which implies the longitude dependencef the
PDL. Specifically the closeraradial straightline is to the Sun-Earthine, the thinner
the PDL is. Especiallyclearon line 0, thereare two regionswith differentdensity
decreasingrendsin the magnetosbathseparatedt ~10.25Rg: a region of strong
densitydecreas®n the magnetopheresideandaregion of weakdensitydecreasen
the sunward side. Both of theseregionsshav the PDL featurewith plasmadensity

decreasandmagnetidield increasebut we only call thefirst regionthe PDL because
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Figure4.3: Parameterslongtheradialstraightlinesin thez=0planein Fig. 4.1. From
top to bottam aretheflow velocity, the magneticfield magnitde,the plasmadensity
andtheratio betweerthe plasmadensityandthe magnetidield magnitule (N/B). The
magnetospéreis on the left side of the figure, the solarwind is on the right side of
the figure, andthe magnetosheatis betweenthe magnetospherandthe solarwind.
The magnetopausis definedasthe boundarywherethe magnetosheattow velocity
is closeto zero. Themagnetopauskecationson lines0-4 areshavn asblackdots.
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Figure 4.4: Parametersalongthe radial straightlines in the y=0 planein Fig. 4.2,
plottedin the sameformatasin Fig. 4.3.
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Figure4.5: The currentdensityin the z=0 plane(the left panel)andthe y=0 plane
(theright panel). Theopen-closeanagnetidield boundaryis shavn asawhite zigzag
curve in eachof the panels.

of its strongplasmadepletion.The N/B ratio showvs the degreeof plasmadepletionin
aflux tube. The largerthe N/B ratio is, the moredepletedthe flux tubeis. The N/B
ratioin thebottan panelof Fig. 4.3 shavsthatflux tubedepletionoccursin thewhole
subsolamagnetokeath.However, strongerflux tubedepletionusuallyexistscloserto
themagnetopausalonglines0-3. Similar resultsareobtainedfor the straightlinesin
they=0 planeof Fig. 4.2,whichareshavnin Fig. 4.4. FromFig. 4.4we alsoseethat
the PDL extendswith latitudealongthe magnetopausandits thicknessalsodepends
on the latitude on the magnetopauseTheseresultsare consistenwith the resultsof

our previousPDL eventstudyin Chapter3.

Therearetwo forcescontrollingthe plasmamotionin themagnetosheattihepres-
suregradienfforceandthemagnetidorce. Thelatterdepend®nthecurrentdensityin
themagnetosheatliig. 4.5 shavs the currentdensityin the z=0 plane(theleft panel)
andthey=0 plane(theright panel).Theopen-closeanagnetidield boundaryis shovn
asawhite zigzagcurve in eachof the planes Althoughthe open-closednagnetidield
boundaryis closeto the peakof the currentdensityon the magnetopauséhey do not
coincide. The currentextendswell into the magnetosheathyhich is consistenwith

theresultsof Wu [1992]. Togethermwith the magneticfield in the magnetosheatlthe
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magnetosheathurrentproducesa magneticforce which playsan important role in

shapingtheflow patternin the magnetoseath,aswe will showv next.

4.4.2 Forces

In the MHD regime, plasmamotion is controlledby the pressuregradientforce and
the magneticforce. Fig. 4.6 shows the pressurggradientforce, the magneticforce,
and their combired force in the z=0 plane (the left panels)andthe y=0 plane(the
right panels).The open-closednagnetidield boundaryis shavn asaredzigzagcurve
andthe plasmadensityis shovn color codedasthe backgroundn eachpanel. The
streamlinesreshovn aswhite andblacksmooh curnesin theleft andtheright panels,
respectrely. Field lines are shavn aswhite smooh curvesin the right panels. The
arrows in eachpanelshaw the force vectors. The force arrows are properly scaled
within eachpanelandamongdifferentpanels Notethatthestreamlinesreonly dravn
onaplane,sothey maynotrepresentherealthreedimensimal streamlinesContrary
to Spreiters model magnetosbathresults[Spreiterand Alksne, 1968] in which the
pressurgradientforce causeplasmadeceleratioriowardthe subsolamagnetopause,
thepressurgradientforcein theMHD simulationis directedowardthemagnetopause
in mostof the subsolamagnetosheatf{seethe top panelsof Fig. 4.6). The magnetic
forceis thedominantforcethatdeceleratethe magnetosheathlasmaasit approaches
themagnetopaus@eethe middle panelsof Fig. 4.6). Thecombinedoressurgradient
force andmagnetidorcefirst deceleratgplasmanearthe subsolamagnetopaus&nd
subsequengl bendand acceleratdahe plasmaflow aroundthe magnetopaustoward
thedowndreammagnetosheatfseethe bottompanelsof Fig. 4.6). Note herethatthe
bendingof the streamliresdoesnotoccurin alayercloseto the magnetopaus@ both
thez=0andy=0 planesput occurscloserto the magnetopauseearthe Sun-EartHine

andmovesaway from the magnetopatesfartheraway from the Sun-EartHine.

To betterunderstanglasmaacceleratiorand deceleratiorin the magnetosheath
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Figure4.6: The pressurgradientforce,the magneticforce,andtheir combinedforce
in the GSE z=0 plane(the left panels)andthe noon-mdnightor y=0 plane(the right

panels).The open-closeanagnetidield boundaryis shavn asaredzigzagcurve,and
theplasmadensityis shavn color codedasthebackgroundn eachpanel. Thestream-
lines are shavn with white and black smoothcurvesin the left andthe right panels,
respectrely. Field linesareshonvn with white smoothcurvesin theright panels.The
arrons in eachpanelshow the force vectors. The arrows are properly scaledwithin

eachpanelandamongdifferentpanels.Notethatthe streamlinesreonly dravn ona
plane,sothey maynotrepresentherealthreedimensonalstreamlires.
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Figure4.7: Thecombinedressurgradientforceandmagnetidorcealongflow direc-
tion is shavn color codedin the z=0 (top) andy=0 (bottom) planes.The open-closed
magnetidield boundaryis shavn asablackzigzagcurve andthestreamlinesiredravn
with blackandwhite thick smodh curvesmarked0-3 in eachof thepanels Regionsl,
I, I, andIV alongstreamlined have differentforce features.The white markersare
theboundarie®f thoseregionsalongstreamlineD.
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we shaw in Fig. 4.7 the combinedpressurggradientforce and magneticforce along
theflow direction,(—Vp + j x B),, asthe color codedbackgroundn the z=0 (top)
and y=0 (bottom) planes. The open-closednagneticfield boundaryis shovn as a
black zigzagcurve andthe streamlinesare dravn with black or white thick smodh
curvesmarked0-3in eachof the panels.A positive backgroundraluemeanghatthe
combinedforceis alongtheflow direction,thusflow is beingaccelerged. A negative
backgroundraluemeanghatthecombinedorceis opposie to theflow direction,i.e.,
flow is beingdeceleratedin the z=0 planea large deceleratiomegion existsalongthe
bow shockwhich causeshevelocity dropacrosgheshock.Insidethemagnetosheath,
decelerations constrainedo aregion just downstreanof the bow shockandcloseto
the Sun-Earthline. Outsideof this region in the magnetosheatracceleratiordomi-
nateshroughouthe magnetosheatbut usuallywith alargeracceleratiorforce closer
to the open-closedanagnetidield boundary In they=0 planea similar large decelera-
tion region existsalongthe bow shock. Insidethe magnetosheattiecelerations also
constrainedn aregion just downgreamof the bow shockandcloseto the Sun-Earth
line. Outsideof this region in the magnetosheatthe flow is acceleratedIn contrast
to the casein the z=0 plane,the peakof the accelertion force in the magnetosheath
is smallerandthe acceleratiorforce is distributed more or lessevenly for different

distancegrom themagnetopause.

For streamlinesloseto theSun-EartHine, like streamlined in thetop panelof Fig.
4.7, plasmafirst experiencegdeceleratiorafter passingthroughthe bow shock,then
accelerationFor streamlinegartheraway from the Sun-EartHine, like streamlined.-
3in thetop panelof Fig. 4.7, plasmais accelerateimmediatelyafter passinghrough
the bow shock. This acceleration/deacceleratigratterndifferentiatesstreamline0
from streamlined -3. Fig. 4.8 shawvs theflow velocity, the magneticfield magnitude,
the plasmadensity andthe N/B ratio along the four marked streamlinesn the top

panelof Fig. 4.7. The horizontalaxis is the distancealong a streamlinefrom its
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Figure4.8: Theflow velocity, the magneticfield magnitude the plasmadensity and
the N/B ratio along streamline<0-3 in the top panelof Fig. 4.7. The x axisis the
distancealong a streamlinefrom its startingpointin the solarwind. The PDL fea-
ture, decreasegblasmadensityand enhancednagneticfield is only seenclearly on
streamlined, whichis closesto themagnetopausdé,om ~6 Rg to ~9 Rg.
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startingpointin thesolarwind. ThePDL, i.e.,decreaseglasmadensityandincreased
magnetidield towardthe magnetopausés only seenon streamlined from ~6 Ry, to
~9 Rg. Ontheotherstreamlinesdiabatidastmodeplasmaexpansion dominaesand
no distinct PDL structureis seen. Next we will only concentrateon streamline0 to

investgatetheforcesfor theformationof the PDL.

Fig. 4.9 shaws forcesin a streamlinecoordinatesystemalong streamline0 in
the top panelof Fig. 4.7, togetherwith plasmaand field parameters.From top to
bottom the figure shawvs. the flow velocity, the plasmadensity the magneticfield
magnituet, the N/B ratio, the pressuregradientforce parallelto magneticfield, the
forcesperpendiculato magneticfield, the forcesperpendiculato the flow velocity,
andthe forcesparallelto the flow velocity. The unit of the forcesin panels(e)-(h)
is 1017 Pascal/m. The horizontalaxis is the distancealongthe streamlinefrom its
startingpointin thesolarwind. Panelg(f)-(g) aredravn with thesamescale pbut panels
(e)and(h) aredrawvn with asmallerscaleandthusthevaluesaremorenoisy Panel(e)
shawvsthatthepressurgradientforcealongB is neggligible. Thisis becausstreamline
0 is in the GSE z=0 planewherethe plasmapressurdorms a local maximum along
magneticfield. However, the pressuregradientforce alongB is usuallynot zeroout
of the GSE z=0 plane,which we will shaw laterin the paper The regionsbounded
by dashedines, I, II, 1, IV, andV, are the regions on streamlire O with different
forcefeatures Regionsl, Il, Ill, andlV aremarkedin thetop panelof Fig. 4.7, while
regionV is furtherdownstreamalongthe streamlineandis notshawn in thatfigure. In
region|, theflow velocity decreaseandthe magnetidield magnitudencreasesThis
is a typical featurefor afield line pile-up processdueto compressionHowever, the
plasmadensitydoesnot increasan unisa with magneticfield asonewould expect
for adiabaticcompressionOn the contrary the plasmadensityfirst basicallyremains
constantthendecreasesrThis impliesthattheremustbeforcesmoving plasmaalong

magnetidfield line. In this region, the pressuregradientforce decelerateplasmaand
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Figure 4.9: Forcesin a streamlinecoordinatesystemalong streamline0 in the top
panelof Fig. 4.7,togethemwith plasmaandfield parametersFromtop to bottam are:
theflow velocity, the plasmadensity the magneticfield magnitude, the N/B ratio, the
pressurgradientforce parallelto magnetidield, theforcesperpendiculato magnetic
field, the forcesperpendiculato the flow velocity, andthe forcesparallelto the flow
velocity. Theunit of theforcesin panelge)-(h)is 10-'7 Pascal/m.Thehorizontalaxis
is the distancealongthe streamlire from its startingpointin the solarwind. Panels(f)
and(g) aredravn with the samescale but panelg(e) and(h) aredravn with a smaller
scaleandthusthevaluesaremorenoisy
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themagnetidorceaccelerateplasmaalongthe streamlineasshovnin panel(h). The
netresultof thesewo forcesis theplasmadecelerationPlasmadeceleratiomlecreases
in thisregionuntil it is closeto zeroattheendof thisregion. In regionll, althoughthe
magneticforceis still trying to deceleratglasmathe pressuregradientforce begins
to dominate. Plasmaacceleratiorbegins to producea net posiive force along flow
directionascanbe seenin panel(h). Much strongerforcesperpendiculato the flow
velocity directionand the magneticfield directionexist in this region. Theseforces
areresponsike for bendingthe flow aroundthe magnetopausanddrapingmagnetic
field linesaroundthemagnetopuseanto thedownstreanmagnetosheatiit theendof
regionll, thebendingforcesreachtheir peakvalues.In regionlll, continuousplasma
acceleratiorexistsbecausef thedominantpressureyradientforce accelerationn the
first half of thisregionandthedominantmagnetidorceacceleréion in theseconchalf
of thisregion. Within thisregion, magnetidield stopspiling upandbeginsto decrease.
In region|V, forcesareusuallymuchsmallercomparedo thepreviousregions.Plasma
andfield go througha fastmodeexpanson, i.e., the flow velocity increasesandthe
plasmadensityandthe magneticfield magnitudeboth decreasewith the accelerating
force comingfrom both the magneticforce andthe pressuregradientforce. Finally
in regionV, the plasmaandfield slowly expandsfurtherandgraduallyreturnsto their

solarwind values.

A similar discussions appropriatgor the streamlinesn the bottompanelof Fig.
4.7,asshowvn in Fig. 4.10. The PDL signaturewith a decreaseglasmadensityand
enhancedmagneticfield is only seenon streamlire 0, which is closestto the mag-
netopausefrom ~6 Ry to ~9 Ri. Thereare somestructuresalong streamlinel;
however, they only occurfar downsreamin the magnetosheathndfar away from the

subsolaipoint.

Fig. 4.11 shaws forcesin a streamlire coordinatesystemalong streamlire O in

the bottompanelof Fig. 4.7,togetherwith plasmaandfield parametersThedisplay
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Figure4.10: Valuesalongthe streamlinesn the bottompanelof Fig. 4.7. The other
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is thesameasin Fig. 4.9. Regionsl, Il, andlll arevery closeto the y=0 plane,but
regionslV andV startto deviatefrom thisplane.Theforcefeaturesaresimilarto those
shavnin Fig. 4.9. However, somesignificantdifferencesxist. The positive pressure
gradientforcealongmagnetidield existsin regionl|, I, andthefirst half of regionlll,
asshown in panel(e) of Fig. 4.11. This forceis the only force driving plasmaflow
alongmagnetidield line to depletea flux tube.In contrasto theregionlll in Fig. 4.9,
thereare both plasmaacceleratioranddecelerationin this region, asshowvn in panel
(h) of Fig. 4.11. Differenceexistsin region IV too, with a net plasmadeceleration.
Streamline0 in the y=0 plane endsup inside the magnetospheréhroughthe polar
reconnectionthusthereis noinfinite expansiorasstreamlingd in the GSEz=0plane.
Thereis littl e spatialdifferencefor the startingpoints of thesetwo streamlines(17,
1, 0) Rg and(17, 0, 1) Ry in the top and bottom panelsof Fig. 4.7, respectiely.
However, this small differenceis responsit# for substantiabifferencesalongthese

streamlines.

In orderto get more detailedstructurenearthe stagnatiorline wherethe major
physts of the PDL occurs,we plot in Fig. 4.12 plasmaandfield parameterslong
a streamlineon the z=0 planewhich is closerto the magnetopausthanflow line O
in the top panelof Fig. 4.7. Fromtop to bottam in the figure are: the flow velocity,
theflow velocity perpendiculaandparallelto the magnetopauséhe plasmadensity
the magneticfield magnituek, andthe N/B ratio. The horizontalaxisis the distance
along the streamlinefrom its startingpoint at (17, 0.5, 0) Rg. For simplicity, we
calculatethe flow velocity perpendiculaand parallelto the magnetopausasingthe
flow velocity perpendiculaandparallelto the local radial line centeredon the Earth.
This calculationshould be reasonablyaccuratefor the region closeto the subsolar
magnetopausé.he patternof theforcealongthis line aresimilar to thosealongflow
line 0 in Fig. 4.9, sowe do not shav forcesin Fig. 4.12. In Fig. 4.12,the plasma

velocity perpendiculato the magnetopauseecreases/henplasmamovestowardthe
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Figure4.12: Plasmaandfield parameteralongastreamlineonthez=0planewhichis
closerto the magnetopausthanflow line 0 in thetop panelof Fig. 4.7. Fromtopto
bottomin thefigureare:theflow velocity, theflow velocity perpendiculaandparallel
to the magnetopausehe plasmadensity the magneticfield magnitule, andthe N/B
ratio. Thehorizontalaxisis the distancealongthe streamlingrom its startingpoint at
(15,0.5,0) Rg.
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magnetopausiom the bow shock.As proposedn SouthwodandKivelsan [1992],
this velocity decreaseshould correspondo a densityincreasealong the flow line,
whichis notseenin Fig. 4.12.Insteadthe plasmadensitycontinuego decreasevhen
the normalflow velocity decreasesThe Lagrangianderivative of the plasmadensity
alongastreamlinds:

dp

&P _ vV, 4.2
I pV -V (4.2)

We seethat the changeof the plasmadensityalonga streamlineis not solely deter
minedby theflow velocity in onedirection,but the flow velocity in all thedirections.
In panel(c) of Fig. 4.12,thereis alsoa large changeof theflow velocity parallelto the
magnetopausalongthe streamline.The netresultof this flow velocity patternis the
decreasef the plasmadensityalongthe streamline.Similar resultsare obtainedfor
a streamlineon the y=0 planewhich s closerto the magnetopaustanflow line 0 in

thebottan panelof Fig. 4.7,which arenot shovn here.

4.4.3 Flux Tube Depletionin the Magnetosheath

As magneticfield lines are piling up toward the magnetopausehe plasmadensity
andthe plasmapressurearealsotrying to increase.Iln a one-dimensinal modelthis
would be the only possibé solution However, in threedimensonal modelsasthe
onethatwe usein this study the resultingpressuregradientcandrive plasmaaway
from the subsdar region along magneticfield lines. This depletionovercomeshe
plasmapile-up processandevenually producesa plasmadensitydecreaséowardthe
magnetopausé.husit is necessaryo studythe detailedforce andflow patternsalong
magnetidield linesin the magnetosbathto understandhe plasmadepletionprocess.
In orderto do sowe choosehreefield linesin they=0 plane,which areshavnin Fig.
4.13.Theopen-closedanagnetidield boundaryis shovn asaredzigzagcurve andthe
plasmadensityis shavn color codedasthe background.Fromright to left the field

linesaremarked 1-3.
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Figure4.13: Threefield linesin the y=0 planealongwhich we chooseto studythe
MHD forces.Theopen-closednagnetidield boundaryis shovn asaredzigzagcurve
andthe plasmadensityis shavn color codedasthe background Fromright to left the
field linesaremarked 1-3.
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Figure4.14: Parametersalongfield lines 1-3 in the noonmidnight meridianin Fig.
4.13.Thehorizontalaxisis thedistancealongeachmagnetidield line northwardfrom

its crossingn the GSEz=0 plane.In eachpanel,the shadedegionis the bow shock,

theregion to theleft of it is the magnetoskath,andthe region to theright of it is the

solarwind. Fromtop to bottomare:the plasmadensity the magnetidield magnitude,

the plasmapressurethe flow velocity alongand perpendiculato magneticfield, the

pressurggradientforce alongand perpendiculato magneticfield, andthe magnetic

force (perpendiculato magnetidield). Theunit of theforcesin panelgf)-(h) is 10~ *°

Pascal/m.
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The plasmaandfield parametersalongfield lines 1-3 in Fig. 4.13areshavn in
Fig. 4.14. The horizontalaxis is the distancealongeachmagneticfield line from its
startingpointin the GSEz=0plane.In eachpanel theshadedegionis thebow shock,
theregionto theleft of thebow shockis themagnetosheatlandtheregionto theright
of thebow shockis the solarwind. Fromtop to bottomwe shaw: the plasmadensity
themagnetidield magnitue,the plasmapressuretheflow velocity alongandperpen-
dicularto magnetidield, the pressurgradienfforcealongmagnetidield, thepressure
gradientforce perpendiculato magneticfield, andthe magneticforce (perpendicular
to magnetidield). The unit of theforcesin panelg(f)-(h) is 10~ Pascal/mFig. 4.14
shawvsthatthereis a strongpressurgyradientforce perpendiculato the magnetidield
on the bow shockto deceleratesolarwind plasma.This deceleratiorforce decreases
asmagnetidield line movesfurtherinto the magnetoseath.The magnetidorce (per
pendicularto magneticfield) on the bow shockhasa similar patternasthe pressure
gradientforceperpendiculato magnetidield, exceptthatit decreasesmuchfasterand
becomesgnoreandmoreinsignficant comparedo the pressurgyradientforce asthe
field line movesfurtherinto themagnetosheatt©nthebow shock thepressuregradi-
entforcealongmagnetidield line gives plasmaa strongkick away from the GSEz=0
plane.Thebow shockpusheghenewly shocledplasmaaway from the GSEz=0plane
andthisoccursduringall the passagef theflux tubein themagnetosheattlso, it de-
creasesvhentheflux tubemoves further dovnsreaminto the magnetosheathnside
the magnetoleath,forcesperpendiculato magneticfield, i.e., the pressuregradient
force perpendiculato magnetidield andthej x B force,areresponsibldor field line
decelerationaccelerationand drapingaroundthe magnetopauseThesetwo forces
arerelatively smallin mostof the magnetoseath(lines 1-2) until closeto the magne-
topaus€line 3) wherethey have distinct peakmagnituescloseto the GSEz=0plane.
The pressurgradientforce alongflux tubeexistsinside the entiremagnetosheathnd

further drivesplasmaaway from the GSEz=0 plane. This resultis differentfrom the
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descriptionof ZwanandWolf [1976], who believed thatthis depletioncanonly occur
atthebow shockandnearthe noseof the magnetopausdifferentfrom the othertwo
forcesin panels(g) and(h), the pressureyradientforce alongflux tubeonly increases
slighty whenthe field line movestoward the magnetopauseVery closeto the mag-
netopausealongline 3, a comple pressuregradientforce patternin both directions
alongtheflux tubeexists. This comple force patternis responsite for the disturbed
structuresn the plasmadensityandthe magneticfield magnitudeprofilesin panel3.
Especiallybetweenthe two dashedinesin panel3, thereis an enhancementf the
plasmadensityanda decreasef the magnetidield magnitudewhich s the signature
of a slow modewave. However, sucha featuredoesnot exist alongthe radial lines
on they=0 planeasshawn in Fig. 4.2 andFig. 4.4. Nearthe GSEz=0 planealong
lines0-3in Fig. 4.14,the flow velocity parallelto magneticfield is closeto zero. It
increasesway from the GSEz=0plane,whichlookslik e afastmodeexpansionvave
becausdhe plasmadensityandthe magneticfield magnitide decreaseoncurrently
However, the expansionis alsovery closelyalignedwith the magneticfield direction
whichwould alsoallow for aslow modeexpansiorfan. We speculatet this pointthat
thefeaturesseenin Fig. 4.14line 3 arethoseof a slow modeexpansionfan. We will

addresgheexistenceof suchawave laterin this chapter

4.5 Discussion

The corventional wisdom that the plasmadensityand pressuredecreaseas a result
of the magneticpressurancreaseto keepthe total pressurebalancein the PDL, is
only anapproximatio. For example,asshovn in panel(h) of Fig. 4.9,thecombined
force alongthe flow directioncanbe comparabldo boththe pressuregradientforce
andthe magneticforce. Thereis often someinertial force so that the magneticand

plasmaforcescannot preciselybalance.As shavn in Fig. 4.6, flow acceleratiorand
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deceleratiorexist almosteverywherein the magnetokeath.

Zwan andWolf [1976] usedSpreiters modelresultsin their MHD PDL modelto
supply a critical pressureboundaryconditionfor the thin flux tube evolution in the
magnetosheathl hus,althoughboth Zwan and Wolf andwe are usingthe MHD ap-
proach specificdifferencesxist betweerourresults.We presena new, moredetailed
modelto describethe formationof the PDL. In the new model,the pressuregradient
forceis responsibldor the plasmadepletio in the flux tube. By acceleratinghewly
shocledsolarwind plasmaalongmagnetidield line awvay from the GSEz=0plane the
bow shockplaysanactie role in depletinga flux tubeduringits passagén the mag-
netosheathThis pressuregradientforce at the bow shockactson the newly shocled
plasmaby providing significantacceleratioralong the flux tube. Plasmadepletion
alonga flux tubeinside the magnetokeathis alsoprovided by the pressuregradient
forcealongtheflux tube.Flux tubedepletionoccursduringall of the passagef aflux
tubein the magnetosheatheforeit reachedar downstreamof the magnetosheath
littl e furtherupstreanof themagnetopause themagnetosheatlihepressurgradient
force alongmagneticfield line pusheplasmaaway from the GSE z=0 plane. How-
ever, closerto themagnetopausemorecomple pressurgradientforce patternexists
wherein somepartof aflux tubetheforceis pointing towardthe GSEz=0plane.This
featuremaybe indicative of a slow modefront asproposedy SouthwoodandKivel-
son[1992]. Dependingon which way a virtual spacecrafgoesalongafield line close
to themagnetopause,slow modefeaturewith enhanceanagnetidield anddecreased
plasmadensity or a slow modefeaturewith decreasednagneticfield andenhanced
plasmadensitymay be obsenred. This explainsPDL obsenations with bothtypesof
slow modefeaturesnside the magnetoseath[Songet al., 1990,1992]. However, as
we have showvn in Fig. 4.3andFig. 4.4, only the slov modefeaturewith enhanced
magnetidield anddecrease@lasmadensityexists towardthe magnetopawesalongthe

radiallinesfor the stablesolarwind conditionsin this study
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Southwod andKivelson[1992] proposedhat, if theflow is to be diverted away
from the magnetopausehe pressurenustrise acrosshe slow modefront. Thefield
mustdropif the pressureises. This leadsto densityenhancemerdandfield decrease
after the slov modefront. This slow modestructurewould correspondo the outer
layer of the obsened two-layeredslow modestructure,i.e., a densityincrease/field
decreasdpllowedby the PDL. Suchfeatureshave beenreportedoy Songetal. [1990,
1992] and were deemedcharacteristiof the magnetosheathHowever, in orderto
understandhe densitydepletionone hasto considerthe velocity divergencein the
trans\ersedirectionaswell. Around the subsadr point for the northward IMF case
in this study in the y directionthe flow divergenceleadsto a decreasef both the
plasmadensityandthe magneticfield magnitude. In this directionthe flow patternis
afastmodeexpansion In the z direction,however, magneticfield is notimmedately
affectedby the flow divergence.Thus,the densitycandecreaseavithout affectingthe
field. In thex direction,the compressioniendsto increaseboththe magnetidfield and
the plasmadensity Combiningthe effectsin all threedirections,the flow divergence
conspiredo decreas¢he densityandto increaseghe magnetidield magniudetoward
themagnetopause\s shovn in theprevioussectionarathercomplicatedorce pattern
causedlow divergencein the magnetosheathiHowever, asshavn in Fig. 4.6, there
is very littl e flow bendingcloseto the magnetopausasassumedy Southwod and
Kivelson[1992]. And we do not seeary plasmadensityenhancemenwith magnetic
field decreasen front of the magnetopauseActually the bendingoccursfar ahead
of the subsolampoint in the magnetosheatfor the streamliresthat we have chosen.
Along the Sun-EartHine, theflow towardthe magnetopausgecreasegndtheplasma
densityalsodecreasesasshown in Fig. 4.3. Thisis becauselasmaflow is diverted
to the otherdirections.Thus,the flow deceleratioriowardthe magnetopawesdoesnot

ensureghe enhancementf the plasmadensity
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4.6 Summary and Conclusions

In this chapterwe investpatethe underlyingphysicsof the PDL usingglobal MHD

simulations.Our detailedforce analysisshows:

1. SpecificMHD forcesplay differentrolesfor the PDL formation. The pressure
gradientforce along a field line is primarily responsit# for plasmadepletion.
Both the pressuregradientforce andthe magneticforce areresponsibldor the
flow patternin the magnetosheatand divert the plasmaand magneticfield

aroundthe magnetosphere.

2. Only streamlineghatoriginatecloseto the Sun-EartHine exhibit clearplasma
depletionandcontributeto theformationof the PDL. Thisis consistentith the
consideratiorof Southwood andKivelson[1992,1995]. On suchstreamlines,
distinct regions exist with different force features. The PDL is the result of
the plasmamotion controlledby thoseforceswith their comple roles along

streamline.

3. The analysisof the forcesin the MHD simuation resultsleadsus to propose
a more detaileddescriptionof flux tube depletionin the magnetokeath. In
this new descriptionthe bow shockplaysanimportantrole to drive the newnly
shocledplasmaalongtheflux tubeaway from the GSEz=0plane.Thepressure
gradientforce exists in the flux tube’s entiremagnetosbathpassagéeforeit is
closeto the magnetopaues which furtherdepleteghe flux tube. Nearthe mag-
netopausea morecomplex pressuregradientforce patternexistsalongthe flux
tube.Theseresultsarein contrasto theflux tubedepletiondescriptiorby Zwan
andWolf [1976] which only qualitatively considerghe depletioneffectson the

bow shockandcloseto the magnetopates

4. As showvn in Fig. 4.14,a comple pressurggradientforce patternexists along
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the flux tubevery closeto the magnetopauseSlov modefeaturesare seenon
this flux tube,which could be responsibldor the two-layeredslow modeob-
senationsfor particularspacecraftrajectories.However, no suchtwo-layered
slow modestructureexists perpendiculato the magnetopausasinferredin the

obsenationsof Songetal. [1990,1992].
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CHAPTER 5

The Physics of the PDL: The Role of the Slow Mode

Waves

5.1 Intr oduction

In Chapted, we performeda detailedforceanalysisn themagnetosheatisingglobal
modelresultsand found that differentforcesplay varying roles along the pathasa
plasmaparcelflows aroundthe magnetopauseA nen magneticflux tube depletion
descriptionis obtainedto better explain flux tube depletionin the magnetosheath.
Slow modesignatureshave beenobsenedin the magnetosheathndthe slov mode
wavesplay animportantrole in severaltheoreticaplasmadepletionlayer models.In
this chapter | invedigatethe existenceand possiblerole of the slov modefront for
the formationof the PDL using global modelresults. A new techniqueis proposed
to testthe location of the slow modefront in the magnetolkeath,in which the slow
modewave groupvelocity andtheflow velocity arecomparedo determinewvherethe
slow modefront canexist. We find that, whenassuminga magnetopauser down-
streamslow modewave source,a slov modefront canexist at certainregionsin the
magnetosheatbut only for certainsolarwind conditions The existenceandlocations
of suchfronts dependon the strengthand orientationof the interplanetarymagnetic
field (IMF). Thereis no sharpeningof the slow modefront into slov mode shock
in our global simulation results. One-layered®DL structureswith plasmadepletion

andmagnetidield enhancemeninsteadof thetwo-layeredslon modestructuresvith
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plasmaenhancemerand magneticfield decreasdor onelayer, andplasmadepletion

andmagnetidield enhancemerfor anothelayer, areobtainedrom this study

5.2 Theory

MHD theoryhasbeenshawvn to be ableto give a reasonabl@escriptionof the PDL
formation. The overall goodcorrelationbetweenPDL in situ obsenations andglobal
MHD modelresultswith realisticsolarwind obsenationsasthedriver, furthershavs

thevalidity of MHD theoryin studyng the PDL.

The PDL structurewith enhancedanagneticfield anddecreaseglasmadensityis
principally a slov modefeature. The two-layeredslow modestructureobsenations
[Songetal., 1990,1992] alsoshaved slow modefeaturesn eachof thesetwo layers
with densitycompressiorandrarefadion. The slov modewaveswere alsoinvoked
for the formationof the PDL in the theoreticalstudiesby ZwanandWolf [1976] and
Southwod andKivelson[1992,1995]. Herewe first discusssomeof the important
featuresof the slow modewavesbeforewe usethosefeatureso developa slow mode
front detectiontechniqueandaddressherole of the slow modewavesin PDL forma-

tion.

Thedispersiorrelationof the slov modewave for a uniform backgrounds:

1
Y = 5{Cr+Vi- T+ v - aCciVEeost o). (5.1)

Hered is theanglebetweerthe slov modewave normal(k) andthe backgroundnag-
neticfield (B), C, the soundspeedandV, the Alfv énspeed.The groupvelocity of

the slov modewave canbe obtainedby calculatingdw/dk. The slov modegroup
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velocitiesparallelandperpendiculato the backgroundnagnetidield are:

(CQ n Vj) cosf — (C2+V2)% cos —2C2V2(2 cos® O+cos fsin? 0)
s

ow (C24+V2)2—4C2V2 cos? 0
Vo = o VGV iCiV , (5.2)
I \/5\/(052 + V3 - \/(CS2 +V2)2 —4C2V2 cos? f
o2 4 VQ) sinf — (C2+V2)2sin 0—2C2V 2 sin f cos? 0
0 ( s A 2112)2_4C2V2 cos?
V. = w V(C24V3)2—4C2V2 ] (5.3)

ok, \/5\/(03 +V3) = /(C2 + V2)? —4C2VE cos? 0

Please&keepin mindthatf hereis the sameasthatusedin (5.1),andit is nottheangle
betweerthe slov modewave groupvelocity andthe backgroundnagneticfield. The
anglebetweerthe slov modewave groupvelocity andthe backgroundnagnetidield

canbecalculatedby

0, = arctan (%) . (5.4)
qll

Whencos 8 ~ 0, (5.2)and(5.3) become

C,Vy  cost
R G AT 59
Voo = 0. (5.6)

From(5.5) we seethattherearetwo singularpointsfor V- ¢ = 90° andf = 270°.

e Whend approache80° from asmallerangle,V, = 7\/%
3 A

e When¢ approache80° from alargerangle,V,| = —\/%
3 A

e When§ approacheg70° from asmallerangle,V, = —\/%.
8 A

e When6 approache870° from alargerangle,Vy = 7\/%
8 A

The slow modephaseandgroupvelocitiesfrom (5.1), (5.2),and (5.3) for V4 =
0.8C, areshavnin Figure5.1. Thephaserelocity standdor thewave front velocity for

aplanewave,andit canbein ary directionexceptthatperpendiculato thebackground
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Figure5.1: Theslow modewave phaseandgroupvelocitesrelative to thebackground
magneticfield for V, = 0.8C,. HereV, is the Alfv énspeed(, is the soundspeed,
andB, is the backgroundnagneticfield. Althoughthe phasevelocity canbein ary
direction except perpendiculato the backgroundmagneticfield, the group velocity
canonly bewithin asmallangleaway from the backgroundnagnetidield.
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Figure5.2: Theinitial disturbanceof theplasmgpressuralongthex directionfor y=0.

magneticfield. The group velocity standsfor the enegy propagatiornvelocity and
it canonly be within a small angleaway from the backgroundmagneticfield. For
planarwaves, we can simgdy use(5.1) to calculatethe velocity of the wave front.
However, for non-planamwaves,the groupvelocity shouldbe appliedinsteadfor each
slow modewave point source.The envelopeof the wave frontsfrom a groupof point
sourceshouldbethe sameaswhatwe cangetfrom (5.1) whenthe point sourcesare
planar However, for non-planamave sourceslik e the slov modewave sourcesn the
magnetosheatithe pointsourcesolutionfor every point shouldbe usedto accountfor
the complex sourcegeometry We will usethisfactlaterto introducea new technique

to detectthe slow modefront in themagnetosheath.
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Figure5.3: Resultsof the slow modewave testsimuation with a small pressuredis-
turbancan the centerof thebox. Thesamesimulatian algorithmandsimilar grid size
areusedin this simulaton asthosein the global simuation. Typical magnetosheath
valuesareusedto setthe uniform backgroundvith magnetidield in they direction.

Oneway to seehow the slov modewave, with a point source,propagatesn a
plasmaenvironmentis througha simple numericalsimulation. Suchatest,if properly
set,canalsoserne to validatethe simulation codethatwe will lateruseto addresshe
role of the slow modewavesin the magnetosheattsucha simuationis donein a box
with uniform backgroundlasmaandmagneticfield. For the purposeof this test,we
setthedimensionof theboxto [-10, 10]R in bothx andy directions.For simpicity,
we setthe parametergonstantalongthe z direction. The samenumericalalgorithm
from theUCLA globalmodelis usedin this simulaton. Thegrid sizein thistestis 0.1
Rg, whichis similarto thegrid sizethatwe uselaterin theglobalmodelsimulationsin
the magnetosheath-or the backgroundwe usetypical magnetoseathvalues: p=50
cm—3, T,=T,=100eV, andB=50nT alongthey axis,andtheinitial velocity is setto
zerofor simplicity. To provide a point source we perturbthe plasmapressureat the

centerof the simulationbox with thefollowing form:

P = Py{0.05[cos(nr) + 1.0] + 1.0} (r < 1.0 Rg),
P =P, (r > 1.0 Rg),

(5.7)

herer = /22 + 32 is the distancerom the centerof the box. Theinitial distubance
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Figure 5.4: Two possibé patternsbetweenthe slow modewave group speed(V;),
assumingio dependencen magnetidield orientation,andthe flow speedV;) in the
magnetosheathThe magnetopauses on the right handside and the solarwind is
comingfrom theleft handsidein eachof thetwo panels.The slow modewave group
speeds shovn with dashedinesandtheflow speeds shavn with solid lines. We see
thatthe slow modefront canonly existin pattern2.

of the plasmapressurdas shavn in Figure 5.2 alongx axis for y=0. The resultsof
this simdation are shavn in Figure5.3. In the figure, the fastmodewavesandthe
slow modewavesdevelop their expectedpropagatbn patterns.The slov modewaves
are shavn asthe red dotsin the pressurepanel,andthey only propagatealongthe
backgroundnagnetidield line with at mosta smalldeviation from thatdirection. The
slow modewave disturbanceérom a point sourcefollow the slov modewave group
velocity, insteadof the phasevelocity, in their propagationand basicallyreproduce
thetheoreticaklow modewave Friedrichsdiagram[e.g.,KivelsonandRussell,1995].
Anotherimportantconclusiorfrom thistestsimulationis thatthe UCLA globalmodel
is sufficient to describethe slov modeformalismin the magnetosheathlhuswe can

useit to addresghe slow modewavesin thisregion.

In orderto form a slow modefront in the magnetosheattat eachslow modefront
locationthe flow speedmust be exactly opposie to the slov mode group velocity.
Figure 5.4 shaws the possibé patternsbetweenthe flow speedand the slov mode

wave groupspeed.The magnetopauses on theright handsideandthe solarwind is
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Figure5.5: Four morerealisticpossibé patternsbetweenhe slov modewave group
velocity andthe flow velocity. The backgroundnagnetidield is in the upward direc-
tion in all thesepanels.Only partial slov modewave groupvelocity is shavn in each
panelfor simpicity. In patternl, slow modewave groupvelocity canovercomeflow

velocity, thusit canpropagateupstreamalongthe flow line. In patterns3 and4, the

slow modewave groupvelocity cannotovercormne theflow velocity, thustheslow mode
waveswill betaken downstreamby the flow. Pattern2 is betweenpatternl andpat-

terns3 and4, wheretheflow velocity andthe slov modewave groupvelocity balance
eachotherin theflow direction. The slov modefront occurswherepattern2 exists.

comingfrom theleft handsidein eachof thetwo panels.The slov modewave group
speeds shavn with dashedinesandthe flow speeds shovn with solid linesin both
panels Althoughthe slov modewavescanalsobegeneratedrom the solarwind side
of themagnetokeath to form a standirg slov modefront, only the slov modewaves
coming from the magnetospereside needto be considered.In patternl of Figure
5.4,the slow modewave groupspeeds smallerthantheflow speedo theright of the
crossingpoint of thesetwo speedsThusassoonasa slov modewave is generatedn
this region, it will be corvecteddowngreamby the flow. In this caseno slow mode
front canform. Pattern2 in Figure5.4is opposie to patternl. The slow modewave
group speedis larger thanthe flow speedto the right of the crossingpoint of these
speedsThustheslow modewavesexcitedin thisregion canpropagateipstreanuntil
they reachthe stagnatio point wherethe slov modewave group speedandthe flow
speedexactly canceleachother[Southwood andKivelson,1992]. At this point, the
slow modefront may exist. Whetherthe slow modefront cansteeperenoughto form

aslov modeshockwill bediscussedatterin this chapter
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Thereal situaton is more complex becausef the dependencef the slov mode
wave groupvelocity on the backgroundnagnetidield orientation.More realisticpat-
ternsbetweenhe slov modewave groupvelocity andthe flow velocity areshavn in
Figure5.5. Note thatonly partial slov modegroupvelocity is shavn in eachpanel.
For the completeslov modewave groupvelocity pleaserefer Figure5.1. In patternl
of Figure5.5,theflow velocity is smalker thanthe slov modewave groupvelocity in
the flow direction,thusa slov modewave canpropagateupstreanof the flow along
theflow line. In pattern3 of Figure5.5,theflow velocityis largerthanthe slov mode
wave groupvelocity in theflow direction.In this case slov modewave cannot prop-
agateupstreanof the flow but is corvecteddownstream.In pattern4 of Figure5.5,
althoughthe slow modewave groupvelocity canbelargerin magnitudethanthe flow
velocity, it cannot propagaten the flow direction. As a result,the slov modewave
will alsobe corvecteddownsteamby the flow. Pattern2 of Figure5.5 is between
patternl and patterns3 and 4, wherethe flow velocity and slowv modewave group

velocity balancesachother The slow modefront occurswherepattern2 exists

5.3 Model Issues

RunNo. V (km/s) B(nT) N((m™3) T,=T.(eV)

Runl  (-450,0,0) (0,0,7) 6 10
Run2  (-450,0,0) (0,0,14) 6 10
Run3  (-450,0,0) (7,0,7) 6 10

Table5.1: Inputsolarwind plasmaandIMF parameterin the GSEcoordinatdor the
globalmodelrunsin this chapter

The UCLA globalmodelcanbedriven by bothobsenedandidealizedsolarwind
plasmaandIMF conditions. In the casestudyin Chapter3 for modelvalidation we
usedspacecrafsolarwind obsenationsto drive the modelandthencomparednodel

resultswith spacecraffPDL obsenations. In this study however, we useidealized
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constantsolarwind conditiors to exposethe basicphysicalprocessesf the plasma
depletionlayer. The parameter$or thebaserun, run 1, areshovn in Table5.1. These
parameteraretypical solarwind valuesexceptfor thenorthwardIMF, andthey arethe
samesetof parameterasthatusedin Chapter4. In orderto shav the dependencef
the slow modefront on solarwind conditins, we alsomake two otherruns,run 2 and
run 3, whosesolarwind input parameterarealsolistedin Table5.1. The systematic
studyof thePDL dependencensolarwind conditiors will beleft for thenext chapter
All the modelresultsshovn herearethreehoursafter the startof eachglobal model

runwhenstablestructureave alreadybeendeveloped.

5.4 Results

5.4.1 The Slow Mode Front in the Magnetosheath

Figure5.6 showvs the slow modefront in they=0 planewith the plasmadensityasthe
backgroundor run 1. The open-closednagneticfield boundaryis shovn asa red
zigzagcurve. Theblackarrowvs shaw the flow velocity andthe black straightlinesare
alongthelocalmagnetidield directionwith local slow modewave groupvelociieson
bothendsof them.We usethetechniquantroducedn section5.2to calculateheslow
modefront. The closedwhite zigzagcurvesfit pattern2 of Figure5.5in which case
theflow velocity andtheslov modewave groupvelocity balanceeachother Insidethe
regionscircled by white curves, slov modewave canpropagatdasterthanthe flow
speedin the flow direction, while the opposie occursoutsideof theseregions. The
sgmentsof the blue curveswhereplasmaflows into the regionscircled by the blue
curvesaretheslow modefronts. In Figure5.6, a clearconfiguratiorbetweerthe flow
velocity andtheslow modewave groupvelocity canbeseen A slow modefront exists
in the magnetokeathwith a distanceof ~4 Rr away from the GSE z=0 planeand

~1 Rg from the open-closednagneticfield boundaryinto the magnetosheathThis
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Figure 5.6: The slow modefront in the y=0 planewith the plasmadensity as the
backgroundor run 1. The open-closednagneticfield boundaryis shovn asa red
zigzagcurve. The black arrons shav the flow velocity and the black straightlines
arealongthelocal magneticfield directionwith the slov modewave groupvelociies
on the endsof them. The closedwhite zigzagcurvesfit pattern2 of Figure5.5. The
segmentof awhite curve whereplasmdlowsinto theregioncircled by thewhite curve
is aslow modefront.
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Figure5.7: Theplasmadensityandthemagnetidield magnitidein they=0plane.The
open-closednagnetidield boundaryis shavn asaredzigzagcurve andthe magnetic
field lines areshavn aswhite smooh curvesin eachof the panels.We draw several
radially outward straightlinesfrom the centerof the Earth. The plasmaandmagnetic
field valuesalongtheseradiallinesareshaovn in Figure5.8.

resultconfirmsthe predictionof SouthwoodandKivelson[1992] for the existenceof
the slow modefront in the magnetoseathat leastfor the solarwind conditionsused

for run 1.

5.4.2 The Dependaceof the PDL on the Slow Mode Front

Figure 5.7 shaws the plasmadensity and the magneticfield magnitude in the y=0

plane. The open-closednagneticfield boundaryis shavn asared zigzagcurve and
the magneticfield lines are shovn asthe white smoothcurvesin eachof the panels.
Very clear PDL structureon the magnetopauses seenwith loweredplasmadensity
and enhancednagneticfield. We drav several radially outward straightlines from

the centerof the Earthin eachpanelof Figure5.7. Parametersalongradial straight
lines0 and1 areshavn in Figure5.8, whereclearPDL structuresareseen.On lines
2-4 of Figure5.7, the cuspeffectsare involved. Thuswe do not shav lines 2-4 in

Figure5.8. In orderto seethe structuresearthe magnetopauselearly, we blow up
the critical region betweer9.0 and11.5Rg in Figure 5.8, which is shaovn in Figure

5.9.In Figure5.9,thereis avery clearsingle-layered®DL alonglines0 and1 toward
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Figure5.8: Parametersalonglines 0 and 1 in Figure5.7. The black dots mark the
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the magnetopauswith decreaseglasmadensityand enhancednagneticfield. No
two-layeredslow modestructuresexist. For more detaileddiscusson aboutsimilar
figuresin someotheraspectpleaseseeChapter4d. Now let us concentrateon the
relationbetweertheslow modefront andthe PDL, keepingin mindthatresultsshovn
in bothFigure5.6andFigure5.7arefrom thesamerunin they=0 plane.In Figure5.8,
thereis anobvious PDL structurealongline 0, which is the Sun-Earthine. However,
no slow modestructurewith enhanceglasmadensityand decreasednagneticfield
magnituet is seenalongthis line. This meangthatthe slov modefront, asproposed
by Southwood andKivelson[1992], is not a necessargondition for the formationof
the PDL, at leastfor the stablesolarwind conditionsusedin run 1. Instead the PDL
is the netresultof the combinedMHD forcesin the magnetosheaths discused in
Chapterd. By comparingrigure5.6andFigure5.7,we seethatline 1 crossesheslowv
modefront in the magnetoskath. However, the lack of sharpjump alongtheselines
nearthe magnetopausi Figure5.8 andFigure5.9impliesthatno slov modeshock
is developed. Also, only one-layeredcorventioral PDL structure jnsteadof the two-
layeredslow modestructure,is seenalongthis line. The above resultshold true for
mary othertestswith differentsolarwind conditionsanddifferentmodelresolutions

whichwe do notshaw here.

5.4.3 The Dependeaceof the Slow Mode Front on Solar Wind Conditions

After confirmingthe existenceof the slow modefront in the magnetosheattaninter-
estingquestions: whatis thedependencef suchastructureon solarwind conditiors.
Herewe studytwo morecasedo investgatethis dependenceligure5.10shows the
comparisorbetweenthe slov modefrontsin the GSE y=0 planefor run 1 andrun
2. Solarwind input parametersor thesetwo runsarelistedin Table5.1 andtheonly
differencebetweerthemis IMF B,: 7 nT for run1 and14nT for run2. Forrun1, slow

modefronts exist sunward of the open-closednagneticfield boundaryin the magne-
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Figure 5.10: Comparisorbetweenthe slow modefronts in the GSE y=0 planefor

run 1 andrun 2. The open-closednagneticfield boundaryis shovn asa red zigzag
curve andthe slov modefronts are shovn as closedwhite zigzagcurvesin eachof

the panels(only the segmentsof the white curveswhereflow moves into the closed
regionsshouldbeidentifiedasthe slow modefronts).
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Figure5.11: Parameterslongthe Sun-EartHine for run2. Fromtopto bottam are:the
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is definedwherethe flow speedn the magnetosheathpproachegero.
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tosheath.However, for run 2, slow modefronts do not exist in the magnetosheath,
but only in the magnetospere. Someparameterslongthe Sun-EartHine for run2 is
shavn in Figure5.11,which alsoshaws clearPDL structureon the magnetopauesin
the magnetosheathThis further confirmsthat the slow modefront doesnot play an

importantrole for the formationof the PDL.

Figure5.12shaows the slow modefront in the magnetosheatim the y=0 planefor
run 3, a casewith finite IMF B,. The plasmadensityis shovn asthe backgrouncand
theopen-closednagnetidield boundaryis shavn asaredzigzagcurve, the magnetic
field linesareshavn aswhite smoothcurves,andthe slov modefronts areshown as
closedblack zigzagcurves (only the segmentsof the curveswhereflow movesinto
the closedregionsshoutl be identifiedasthe slow modefronts). Thefield lines pile
up on the magnetopausm a differentway thanrun 1 becausehe field symmetryin
themagnetosheatis broken. As a result,the structuref the slov modefront in the
magnetosheathre drasticallydifferentfrom thoseof run 1 andrun 2. Specifically
thereis a large slov modefront belov the GSE z=0 planewhich is ascloseas ~2
Rg away from it. Meanwhilethe slow modefront above the GSE z=0 planeshrinks
to avery smallone,whichis ~6 R away from the GSEz=0 plane.Someparameters
alongthe greenflow line in Figures5.12 are shavn in Figure5.13. The solarwind
is on theleft handsideandthe magnetosheatis on the right handside of thefigure.
The horizontalaxis is the distancealongthe flow line from its startingpoint at (15,
0, -2.5) Rg, andthe big jump at ~2 Ry, is the bow shock. The black dotson the
lines correspondo the black dot in Figure5.12which marksthe locationwherethe
greenflow line crosseghe slov modefront. At the pointwherethe flow line crosses
the slow modefront, the parametersre smoothwith no indicationof steepeningA
blowup figure aroundthe black dot is shovn in Figure5.14,still with no signatureof
sharpslow modetransiton. This resultfurther confirmsour former conclusionthat

no slow modeshockis developedat the slov modefront, andthe flow patternin the
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Figure5.12: The slow modefrontsin the magnetosheatim the y=0 planefor run 3
with tilted IMF. The plasmadensityis shavn asthe backgroundandthe open-closed
magneticfield boundaryis shavn asa red zigzagcurve, the magneticfield lines are
shovn aswhite smooh curves,andthe blue arrows are the flow velocity. The slow
modefrontsareshavn asclosedblack zigzagcurves(only the segmentsof thecurves
where plasmaflows into the closedregions should be identified as the slow mode
fronts). Someparameteralongthe greenflow line which crosseshe slow modefront
will beshavnin Figure5.13.
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Figure5.13: Parameterslongthe greenflow line in Figures5.12. The solarwind is
ontheleft handsideandthedowndreammagnetosheatis ontheright handside. The
horizontalaxisis thedistancealongtheflow line from its startingpointat (15, 0, -2.5)
Rg. Thebigjumpat~2 Ry is thebow shock.Theblackdotson thelinescorrespond
to the black dotin Figure5.12which marksthe locationwherethe flow line crosses
the slow modefront.
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Figure5.14: A blowup of Figure5.13aroundtheblackdotin themagnetosheatior a
betterview of theplasmaandfield patternsacrosghe slow modefront alongthegreen
flow line in Figure5.12.

magnetosheatis notaffectedin a noticeablevay by the slov modefront.

5.5 Discussion

We proposeda new methodto find the locationof the slow modefront in the magne-
tosheathby analyzingthe relative configurationdetweernthe slov modewave group
velocity andtheflow velocity. In this slow modefront detectiortechniquewe assume
a uniform backgroundor the slow modegroupvelocity calculation,which doesnot
fit exactly in the magnetosheathecausef the plasmaandfield gradients.However,
theresultsof someextensie simuations,similar to whatwe have donefor Figure5.3
but with typical magnetosheatbradients have shavn no significantdifferences.We
find the existenceof the slow modefront in the magnetosheatim normalsolarwind

conditiors with northwardIMF, whichis in line with the predictionby Southwodand
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Figure5.15: Taken from Southwod andKivelson[1995]. It shawvs a sketchwith a
rationalizedscenariofor the flow structureupstreamof the subsolarmagnetopause.
Thereis a field compressio region with roughly the propertiesof Zwan andWolf’s
flux tubeimmediatelyadjacento the magnetopausddowever thefield is notaligned
with the outerboundaryof the region. Field linesthreadingthe compressiomegion
bendtowardthe Sunandenterafield rarefactionregion which is immedately behind
aslow MHD wave shock/fronfSouthwoodandKivelson,1992]. Outsidethefront the
field threadgheincomingmagnetokeathflow.

Kivelson[1992].

Figure5.15is takenfrom SouthwoodandKivelson[1995]. It shaws a sketchwith
arationalizedscenaridor the flow structureupstreanof the subsolarmagnetopause.
Thereis a field compressio region with roughly the propertiesof Zwan andWolf’s
flux tubeimmediatelyadjacento the magnetopausddowever thefield is notaligned
with the outerboundaryof the region. Field linesthreadingthe compressiomegion
bendtowardthe Sunandenterafield rarefactionregion which is immedately behind
aslow MHD wave shock/fronfSouthwoodandKivelson,1992]. Outsidethefront the
field threadgheincomingmagnetosheatifow. By comparingFigure5.15with Figure
5.12,we seethatthe modelslowv modefront structuresrom the globalmodelresults
aremuchmorecomple thantheschematislow modefront structuren thetheoretical

model. Further the fronts occurat differentlocations.In Figure5.15,the slow mode
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front wasdravn wheremagnetidield linestilt towardthe Sun.However, in our model
results,the slov modefront appearsvhere magneticfield lines tilt away from the
Sun. In the latter configuration the slow modevelocity is morealignedwith theflow
velocity, andthusit is easierfor the slow modewave to propagateupstreamward to

form a slow modefront.

In our modelresultsthe slow modefront doesnot exist for all solarwind condi-
tions. In someregionswherethe PDL exists thereis no slov modefront that could
causet. Insteadof steepenin@anddevelopinginto slov modeshock,the slov mode
front hasno discernibé influenceon the magnetosheatplasmaandfield patternsfor
the solarwind conditionsusedin our severalmodelruns. Specifically alongthe flow
lines acrossthe slov modefront thereis no jump of the plasmaand magneticfield
parametersTheseresultsmply thatthe slow modefront at mostplaysaninsignificant
role for the PDL formationunlike assertedy Southwod andKivelson [1995]. We
believe the combinedpressuregradientforce andmagneticforce play the critical role

to shapehe magnetoskathervironmentasshovn in Chapterd.

Thebig differencedbetweerourresultsandtheresultsby SouthwodandKivelson
[1995]reflectthedifferentassumpbnsin thesetwo models.AlthoughSouthwodand
KivelsonmodelusedMHD theoryandthe propertiesof theslow modewaveto explain
the formation of the PDL, they hadto make assumpbns aboutthe flow profile and
the magneticfield topology As we have demonstratetiere,the full-scale,nonlinear
solution of the MHD equationgs requiredto get a realisticpictureof the field, flow,

andgoverning forcesin the magnetosheath.

Our resultsalso shav that two-layeredslow modestructuresdo not exist in the
magnetosheathlongtheradiallinesfrom the Earthfor the solarwind conditimsused
in this study However, it is too earlyto saythatthetwo-layeredslon modestructures
do not exist in someother cases. In the complex and dynamicallyvarying magne-

tosheathgeometryand force ervironment, it is still possibé for the formation of a

168



two-layeredslow modestructure.Onescenarias that plasmaflow comingfrom one
magnetosheattegion causegxpanson in the othermagnetosheattegion, thuspush-
ing away the magneticfield lines. After this a region with decreasednagneticfield
andincreaseglasmadensityshoutl befound. Anotherfactorthatcancausecomple
magnetosheathtructuress the dynamicallychangingsolarwind conditions Mag-
netosheattstructuresdependstrongly on solarwind conditions (Chapter3). Many
obsenredstructuresn the magnetokeathreflectsolarwind variations Thuscomple
structureslik e two-layeredslow modestructurescouldalsobe seenasaresult. This
is the reasorwhy concurrentsolarwind obsenrationsare necessaryo tell whethera

structurein the magnetokeathis of solarwind origin.

5.6 Summary and Conclusions

Theprimarypurposeof this chapteiis to determinevhetherthe slow modefront could
exist in themagnetosheatlandif so,whatpossibé role they play for theformationof

the PDL. Usingglobalsimulationswe reachthe following conclusions:

1. We introducea newv methodto calculatethe slow modefront in the magne-
tosheaththat compareghe relative patternbetweerthe slov modewave group
velocity andtheflow velocity. Themodelresultsshav thatthe slow modefront

existsin themagnetosheattor certain,but notall solarwind conditions.

2. Theslow modefront in our simulations hasmore comple structureghanthat
from Southwod and Kivelson [1995] theoreticalmodel. In particular a very
differentslov modefront geometryis foundin our modelresults,comparedo
the Southwood andKivelson[1995] modelpicture. The slow modefront does

notdevelopinto a shockandit dependstronglyon IMF conditions

3. The PDL structuredoesnot necessarycorrespondo the slov modefront as
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proposedy SouthwodandKivelson[1992], andthe slow modefront playsno
discerniblerole for shapingthe plasmaandfield in the magnetosheattoward
plasmadensityenhancemerandmagnetidield magnitudedecreaseAs shovn
in the previous chapterthe combinedMHD forcesdeterminethe formation of

the PDL.
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CHAPTER 6

PlasmaDepletion Layer Dependenceon Solar Wind

Conditions and the Earth Dipole Tilt

6.1 Intr oduction

As alayerbetweerthe magnetospéreandthe solarwind, the plasmadepletionlayer
is continuousy affectedby the ever changingsolarwind conditiors, aswell asthere-
sulting oscillationsof the magnetopaust® thesevariations.Someformerstudieshave
shavn strongdependencef the PDL on solarwind conditions. For examples Farru-
giaetal. [1997a,b]foundthe dependencef the PDL onthe solarwind Alfv énMach
number Siscoeetal. [2002]foundthedependencef thePDL onthelMF clockangle.
However, until now still no systemat: studyhasbeendonefor the dependencef the
PDL onvarioussolarwind parametersExperimentaly thisis very difficult becausef
thescarcityof obsenations. Thisis mostly becauseatelliteghathave theirapogeeor
perigeenearthe magnetopausdistancefor exampleGeotail,do nottraversethe PDL,
but ratherskim alongthe magnetopausd-rom suchmeasurements is generallynot
even possithe to determingf onehasobseredthe PDL. On the otherhand,satellites
thattraversethemagnetokeathrapidly providedatathatallow oneto identify thePDL.
However, suchorbits (for exampleWind) provide magnetosheattraversesat a much
lower rate. FurtherWind’s orbit is controlledsothatit penetrateshe magnetosheath
far from the subsolampoint andis not usefulfor studying the PDL whereit shouldbe

mostsensiitve to solarwind conditions. Togetherwith the requiremenbf concurrent
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obsenatiors of stablenorthward IMF, that leadsto very few PDL obsenatiors. In
fact, few of suchobserationshave beendiscussd in the literaturein detail because

they aresorare.

An alternateapproachis to usemodelsto investgate and documentthe depen-
denceof the PDL on solarwind conditiors. Suchan approachwould be similar to
the one taken several decadesago by Spreiteret al. [1966] for the basicproperties
of the magnetosheathSpreiters model hasproven extremely useful for mary sub-
sequentstudies. However, this modelis gasdynant andthus doesnot include the
PDL. It is anapproximatbn becausef its lack of the magneticforce andthe useof
arigid magnetopuse. Contemporarydemandgequirea more thoroughverification
and understandingf the validity of the resultsfrom the Spreiters model. We have
previously shavn in Chapter3 thatthe UCLA/NOAA global magnetosphereodel
is very well capableof reproducingthe structureof the magnetosheatfor two case
studies.Thisresultnow givesustheconfidencdo attempta studysimilar to Spreiters
descriptionof themagnetosheatWith theintroducton of MHD anda self-consistent
modelsignificantly morefree parametergnterthe problemcomparedo a studybased
on a gasdynand model. At a minimum, the IMF strengthandorientationneedto be

consideredesideghe gasdynamiparametergmostly the solarwind Machnumber).

In the following, | will first introducethe parametergor the modelrunsthatwe
have donefor the PDL dependencstudy Thenl will discusssomemoredetailedis-
suesaboutthedefinitionof thePDL boundarywhichwill beanimportantcomplement
to the PDL boundarydefinitionthat! introducedn Chapterl. After that,| will shov
the dependencef the PDL andthe slow modefront on the solarwind M », density
the IMF clock andtilt angles,andthe Earthdipoletilt. Finally, | will sumnarizethe

resultsfrom this study
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6.2 Model Runs

In orderto studythe dependencef the PDL on solarwind conditonsandthe Earth
dipoletilt, we make a seriesof modelrunsusingthe globalmodel. We choosea solar
wind densityof N=6 cm~3, aninterplanetarymagneticfield B=(0, 0, 7) nT, a solar
wind velocity V=(-450,0, 0) km/s anda solarwind temperaturef T,=T.=10eV as
thebaselinesolarwind conditions The parameterfor themodelrunsin this studyare
shavn in Table6.1. For thosevaluesin Table 6.1 whoserangesarea single number

we do notvary themin the parametetests.

Parametergin GSE) Values
V, (km/s) -450,-600,-750
Vy (km/s) 0

V, (km/s) 0

By (nT) 0,7,14
By (nT) 0

B, (nT) 2,7,14,21
N (cm3) 3,6,12
T,=Te (V) 10
IMF tilt angle(°) 0,45,63
IMF clockangle(®) 0, 15,30,45
Earthdipoletilt angle(®) 0, 15,30

Table 6.1: Solarwind input parameterangesfor differentmodelrunsin the PDL
dependencstudy

In eachparametetest,the globalmodelwasrun for threehoursin physicaltime,
which is sufficient for the globalmodelto overcomethe start-upeffects. The results
shawvn in this chapterare the resultsat the final time of eachrun, which reflectthe

stablesubsolamagnetopausandmagnetosheattonfigurations.
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6.3 The Definition of the PDL Boundary

The PDL is not a very well definedstructurein the magnetoseath. Althoughit is
sharplyboundedoy the magnetopausen the downgreamside, it usuallyhasno sharp
boundaryon the upstreamside but a rathergradualshapein B and N. Defining the
upstreamboundaryis thereforedifficult andany methodmustbe to someextent ar
bitrary. If the PDL wereindeedcharacterizedy a slow modefront as proposedoy
SouthwoodandKivelson[1992], thatwould be a well definedboundary However, we
have shavn in Chapters thata slov modestructuremayaccompan the PDL but it is
not alwayspresentandnot a necessarypartof the PDL. Thus,we mustrely on more

heuristicdefinitions.

Currently thereare two mostcommaly usedmethodsto definethe PDL outer

boundary:

Depletionfactor method: Depletionfactor ), istheratiobetweertheplasmadensity
just after the bow shockandthat on the magnetopawes This methodwasfirst
introducedby Zwan andWolf [1976] andit hasbeenusedin someotherPDL
studiede.g.,Siscoeetal.,2002;SongandRussell2002]. ZwanandWolf [1976]
found X\ to be 3-4 at the stagnaitn point They definedthe thicknessof the
depletionlayerto be the distancerom the stagnatio pointto the half post-bav
shockdensitypoint (A = 2). The PDLswith ) largerthan2 have beenobsered
[e.g.,Crookeretal.,1979;Paschmanetal.,1993;Phanetal.,1994;Wangetal.,
2003]. However, mostnumericalmodelstudesobtainedsmaller) valuesfe.g.,
Wu, 1992;Lyon, 1994]. Siscoeet al. [2002] obtaineda A of ~10, which is not
only muchhigherthanmostothernumericalmodelresults but alsomuchlarger
thanthe obsened \ values. Laterin this chaptey | will shov from our model

studythat\ is controlledby solarwind conditions,andit canexceeda factorof
2.
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Plasmabeta method: This methodhasbeenusedby someauthors[e.g., Farrugia
etal., 1997b]. Theplasmag is definedastheratio betweerthe plasmapressure
andthe magnetigpressurewhich revealstherelative contribution of the plasma
andmagnetidield in controlling plasmamotion. Wheng < 1, magnetidield is
playinga moreimportantrole. Wheng > 1, plasmas moreimportant Usually
from thebow shockto themagnetopause, valuedecreaseandmagnetidield is
playinga moreandmoreimportantrole in controlling plasmamotion It is also
corvenientto find a particularg valueto definethe PDL outeredge. Farrugia
etal. [1997Db] believed thatthis definition captureghe physicalmeaningof the
plasmadepletionlayerin which the magneticforcesdominae over the plasma
pressureforce. Usually 5 = 1 wasusedto definethe PDL outer boundary

However, sometimeshey uses = 0.5 for amorerestrictive definition.

Thedepletionfactormethoddefineshe PDL outerboundaryin amoredescriptve
way, andthe plasmas methoddefineshe PDL outerboundaryin amorephyscal way.
Althoughthesetwo methodsarevery easyto usein practice they have majordifficul-
ties. For thedepletionfactormethod it misseghefirst half drop of the plasmadensity
in the magnetoskath,which includesimportantphyscs which distinguishesthe PDL
from the otherpart of the magnetosheathi-or the plasmag method,it assumeshat
theplasmag is the controllingfactorof the PDL. However, this assertiodackssound
obsenatioral andtheoreticalsupport Especially if the solarwind Mach numberis
low, 5 < 1 canoccurin all of themagnetosheathvhich canmake sucha definitionof
thePDL outerboundaryimpassible.In Chapter | shovedthatthe PDL formationis a
threedimensonalMHD effectwith comple interactiondetweertheplasmagpressure
gradientforce andthe magnetidorce in the magnetoséath. In boththe PDL andthe
othermagnetosheattegion, both forcesplay importantrolesin shapingthe magne-
tosheathstructure.This cannot be reflectedby a single g value. Specifically plasma

motion alonga flux tube,which is crucial for flux tubedepletion,is only controlled
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by the plasmapressuregradientforce, which hasnothingto do with the 5 value. An-
otherimportantdifficulty for bothof thesemethodss thatthey arefairly arbitraryand,
in practice,differentvalueshave beenusedto definethe outerboundaryfor different

purposes.

The slow modefront [Southwood and Kivelson, 1992,1995] could have beena
very gooddefinitionof the outerboundaryof the plasmadepletionlayer However, as
shavn in Chapterb, thereis no directrelationbetweenthe PDL andthe slov mode
front. Thuswe cannot usethis methodto find the outerboundaryof the PDL either
Anothermethodsolidy basedontheideaof “plasmadepletion”is to definethe PDL
astheregion in the magnetosbathwith V - v > 0. However, this methodtendsto
producemuch larger PDL in mary cases. Especiallywe have shovn earlierin the
dissertationin Chapter4 that plasmadepletioncan occurin almostall the subsolar

magnetosheath.

Becaus®f theanti-correlatiorbetweerthemagnetidield magnitideandtheplasma
densityit couldbeagoodideato usetheN/B ratioasamarker of flux tubedepletionn
the magnetosbathandthe plasmadepletionlayer outerboundary However, in prac-
tice, thisis alsodifficult. Figure6.1 shows the globalmodelresultswith the baseline
solarwind conditionsasinput V=(-450,0, 0) km/s,B=(0, 0, 7) nT, N=6 cm 3, and
T,=T.=10eV. Theleft panelsshow theresultsin the z=0 plane,andtheright panels
shav the resultsin the y=0 plane. The N/B ratio is shavn asthe backgroundn the
top panels,andthe plasmadensityis shovn asthe backgroundn the bottompanels.
We seea layer on the magnetopauswith decreasedN/B ratio, which meansplasma
depletion.A layerwith decreaseg@lasmadensityis alsoshavn in eachof the bottam
panelsof Figure6.1. Parameterslonethe Sun-Earthine in Figure6.1 areshovn in
Figure6.2. Thefour paneldrom top to bottomshav theflow speedthemagnetidield
magnitue, the plasmadensity andthe N/B ratio. The magnetopausis definedasthe

locationwherethe magnetosheatfiow speedis closeto zero. In Figure 6.2, there

177



N/B (1/cm®nT) N/B (1/cm3nT)
= -

1.2 . b e w12
1.0 FL1.0
0.8 0.8
n
4 0.6 0.6
>
0.4 0.4
0.2 0.2
0.0 0.0
20 20
16
16 1 16
g 12 @ 12
> 8 N 8
4 4

10 15

-5

10

0 5 0 5
x (Re) x (Re)
Figure6.1: The possilility of usingthe N/B ratio to mark the outerboundaryof the
plasmadepletionayer Shovn herearetheglobalmodelresultswith thebaselinesolar
wind conditionsasinput (in the GSE coordinate):V=(-450, 0, 0) km/s,B=(0, 0, 7)

nT, N=6 cm™3, andT,=T.=10eV. Suchsolarwind conditionscorrespondo M 4=7.2.
Theleft panelsshowv theresultsin the z=0 plane,andtheright panelsshaov theresults
in they=0 plane.TheN/B valuesareshovn asthe backgroundn thetop panelsand
the plasmadensityvaluesare shavn asthe backgroundon the bottom panels. The

open-closednagneticfield boundaryis shavn asa red zigzagcurwve in eachof the
panels. The flow lines are shavn aswhite smooh curvesin the left panels,andthe

magnetidield linesareshovn aswhite smoothcurvesin theright panels.The plasma
andfield parameterslongthe Sun-EartHine areshavn in Figure6.2.
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Figure6.2: ParameteralongtheSun-EartHine in Figure6.1. Thefour panelfromtop
to bottan shav theflow speedthe magnetidield magnitudethe plasmadensity and

the N/B ratio. The magnetopausks definedasthe locationwherethe magnetosheath
flow speeds closeto zero.
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is a weak decreasef the N/B ratio from the bow shocktoward the magnetopause.
A steepemN/B ratio decreaseas seencloserto the magnetopausgéhe shadedegion
in Figure 6.2) which differentiatesa layer from the other part of the magnetosheath.
Thus,we canusethe N/B ratio to definethe outerboundaryof the PDL by analyzing
differenttrendsof it from the bow shockto the magnetopausdn the depletionlayer,
thereis a steepeiN/B ratio decreas¢éowardthe magnetopauseyhile in the otherpart
of the magnetoskaththe N/B ratio decreases wealer. We candefinethe boundary
betweendifferentN/B ratio trendsasthe outer boundaryof the PDL. This task can
usuallybe easilydoneby visual analysis however, thereare mary difficultiesto find
an algorithmto automaticalf determinethe outer boundaryof the PDL. For exam-
ple, in certainlatitudesandlongitudes,the PDL becomes/ery weak,andthetrendis
very difficult to tell evenfor visualevaluation. Thus,in therestof thedissertatn, we
will nottouchthis areaandwill leave it asa challengefor the future study However,
sometinesthe N/B trendis very weakin the magnetosheathlhenanothermpractical
way to definethe PDL outerboundaryis throughthe analysisof the plasmadensity
trend, giventhatit cangive a clearertrendin the magnetosheathin Figure6.2, the
plasmadensitydoesshowv a clearerdensitydepletionin the shadedregion nearthe
magnetopaustanthe N/B ratio. In this casethe muchsmootheN/B ratio curve on
the Sun-Earthine is causedy the continueincreaseof the magnetidield towardthe

magnetopause.

6.4 Effectsof the Solar Wind MagnetosonicMach Number (M ys)

. . . _ v .
Magnetosord Mach numberis definedas: MMS—TW, hereV is the plasmaflow
speed,V, is the Alfv én wave speed,and C; is the soundspeed. Figure 6.3 shawvs
thedependencef the PDL andthe slow modefront on solarwind Mys usingdiffer-

entsolarwind velocitiesV,=-450km/s (M ys=5.3),-600km/s (M ys=7.1),-750km/s
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Figure6.3: Thedependencef thePDL andtheslow modefrontonsolarwind M ys us-
ing differentsolarwind velocities: V ,=-450km/s (M y;s=5.3),-600km/s (M ys=7.1),
-750km/s(My15s=8.8). Theothersolarwind inputparameterare:B=(0,0, 7) nT, N=6

cm3, andT,=T.=10eV. Theleft panelsshav theresultsin the GSEz=0 plane,and
the right panelsshav the resultsin the GSEy=0 plane. The N/B ratio is shavn as
thebackgroundandthe open-closeanagnetidield boundaryis shavn asaredzigzag
curve in eachof the panels.Flow lines areshovn aswhite smooh curvesin the left

panelsandmagnetidield linesareshavn aswhite smoothcurvesin theright panels.
Theboundarpetweertheregionswheretheslow modegroupvelocity canandcannot
overcomethe flow velocity areshavn asblack zigzagcurvesin theright panels.The
slow modefrontsarethe sggmentsof thesecurveswhereplasmaflows into the closed
regions.
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(My5=8.8) in the modelruns. The othersolarwind input parametersre: B=(0, O,
7) nT, N=6 cm 3, and T,=T.=10 eV. The left panelsof the figure shav the results
in the GSE z=0 plane,andthe right panelsshowv the resultsin the GSE y=0 plane.
The N/B ratio is shavn asthe backgroundandthe open-closednagnetidield bound-
ary is shavn asa red zigzagcurwve in eachof the panels. Flow lines are shavn as
white smoothcurvesin the left panels,and magneticfield lines are shovn aswhite
smoothcurvesin theright panels.The boundarybetweerthe regionswherethe slow
modegroupvelocity canand cannotovercorre the flow velocity are shavn asblack
zigzagcurvesin theright panels.Theslow modefrontsarethe segmens of thecurves
whereplasmaflows into the closedregions. In Figure 6.3, the magnetopawsandthe
magnetosheatre more strongl compressedor highersolarwind velocity thanfor
lower solarwind velocity. This is becauséiighersolarwind velocity corresponds$o
larger dynamicpressure.Thereis very little differencefor the densitystructuresn
the magnetosheattexceptthatthesestructuresaremorecompressedbr highersolar
wind velocity. However, thereareobviousdifferencedor the slov modefront, which
is shavn in theright panelsof Figure6.3. More specifically with theincreasingsolar
wind Mys, the slov modefronts are pushedclosertoward the open-closednagnetic

field boundaryandthey alsomove closerto the GSEz=0plane.

Figure6.4 shavs someimportantparameteralongthe Sun-EartHine for thethree
runswith differentsolarwind My;s. The magnetospheres on the left side of each
panelandthe solarwind is on the right side of eachpanel. The black dot on each
line standsfor the stagnatiorpoint on thatline wherethe magnetosheatfiow speed
reachegloseto zero. For this definitionof the stagnatiorpoint we follow Siscoeetal.
[2002]. Theblanktriangleoneachline standgor theouterboundaryof thePDL which
is definedby thetrendchangeof the N/B ratio alongthatline. With theincreaseof the
solarwind velocity, the stagnatio pointmovestowardthe Earth,andthe thicknessof

the plasmadepletionlayerdecreases.
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Figure6.4: Theflow speedthe plasmadensity the magnetidield magniude,the N/B
ratio, andthefield line connectity alongthe Sun-Earthine for the threerunswith
differentsolarwind velocitiesin Figure 6.3 The magnetospéreis on the left side of
eachpanelandthesolarwind is ontheright sideof eachpanel. Theblackdotoneach
line standsfor the stagnatiorpoint on thatline wherethe magnetosheatfiow speed
reachegloseto zero. The blanktriangleon eachline standgor the outerboundaryof
thePDL whichis definedby thetrendchangeof the N/B ratio alongthatline.
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Songetal. [1999] pointedout the distinction betweerthe stagnatio point, aswe
usehere,andthe pseudomagnetopauseéefinedasthe last closedfield line surface,
which s oftenusedin modelstudiesandhasbeenusedin mary partsof this disserta-
tion. Siscoeet al. [2002] foundthe similar resultsin their global modelstudyfor the
northward IMF case.In panel(e) of Figure 6.4, we shav the magneticconnectvity,
whichis definedasthenumberof connection®f afield line with theEarth. We seethat
the pseudomagnetapiseasdefinedby the lastclosedmagnetidield line doesextend
further out into the magnetoskaththanthe stagnatio point This is consistenivith
both Songet al. [1999] andSiscoeet al. [2002], andit is a resultof the reconnection

procesgailwardof the cuspbetweendMF andlobefield lines.

Sources DepletionFactor A
ZwanandWolf [1976] 3-4
Wu [1992] 1.3
Lyon[1994] 1.2
Siscoeetal. [2002] 10
This Study 1.95

Table6.2: Comparisorbetweerthe depletionfactorsfrom differentauthors.

Historically, thedepletionfactorhasbeenusedasanimportantparametefor char
acterizingthe PDL and comparingbetweendifferent model results. The depletion
factorsfrom someother studiesandthis studyfor normalsolarwind conditiors are
shavn in Table 6.2 for comparison.The resultsof Wu [1992] andLyon [1994] lead
to very smalldepletionfactors.While the depletionfactorfrom Siscoeetal. [2002] is
muchhigherthanall the otherresults.Our depletionfactoris intermediatecompared

to theothermodelresults,andit is closerto ZwanandWolf [1976]'s result.

Table 6.3 shaws the dependencef someimportantparametersn the solarwind
velocity. Here M, standsfor the Alfv én Mach number M5 standsfor the magne-
tosonicMachnumber Hppy, standgor the PDL thicknessLyp standgor the magne-

topausdocation,L g5 standgor the bow shocklocation,Hys standgor thethickness
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Vsw (kKm/s) | Ma | Mus | B A | Hpepor (Re) | Lmp (RE) | Les (Re) | Hus (RE)
-450 7.2 53 |10]| 1% 0.0 9.7 13.1 34
-600 9.6 71 [ 1.0 2.3 0.57 8.8 11.4 2.6
-750 12.0| 8.8 | 1.0| 2.6 0.50 8.1 10.2 2.1

Table6.3: Dependencef someimpartantparameteralongthe Sun-EartHine on the
solarwind velocity.

of the magnetosheatlgnd 5 includesboth electronandion pressure.With the en-
hancemenof the solarwind velocity (thussolarwind My,s), boththe bow shockand
the magnetopalesmove towardthe Earth,andthe magnetoleaththicknessalongthe
Sun-Earthline is alsocompressedAs aresult,the PDL is squeezed littl e bit. The
depletionfactoralsovarieswith the solarwind velocity but not monobnically. When
the solarwind velocity is high, the depletionfactorbecomedargerthan2. Although
thereis no slow modefront alongthe Sun-EartHine in all thethreecaseqseeFigure
6.3),the PDL exists. This further confirmsour conclusia in Chapter5 thatthe slow
modefront is not a necessarygondition for the PDL formation. Similar resultsare

obtainedfor mary othercaseswhichwill notbediscussedater.

6.5 Effectsof IMF B,

Figure 6.5 shows the dependencef the PDL andthe slov modefront on IMF B,:
2,7, 14,and21. The othersolarwind input parameterare: V=(-450, 0, 0) km/s,
N=6 cm™3, and T,=T.=10 eV. In the figure, the larger IMF B,is, the strongerthe
magnetopause compressedoward the Earth (becauseof the enhancemendf the
solarwind magnetigressure)andthefartherthe bow shockextendstowardthe solar
wind (becausef the enhancemenif the fastmodewave velocity, andthe reduction

of theMys), andthethicker the magnetoseath.

With theenhancemerdf IMF B, alargerdensitystructureoccursnearthesubsolar

point right inside the magnetopauseThis densitystructureextendsin both the z=0
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Figure6.5: Thedependencef the PDL andthe slow modefrontonIMF B,: 2,7, 14,
and21nT. Theothersolarwind inputparameterare: V=(-450,0, 0) km/s N=6cm 3,
andT,=T.=10eV. Theotherformatsof thisfigure arethe sameasthosein Figure6.3.
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Figure6.6: Theflow speedthe plasmadensity the magnetidield magnitudeandthe
N/B ratio alongthe Sun-Earthine in Figure6.5. The otherformatsof this figure are

thesameasthosein Figure6.4.

planeandthe y=0 planeandits peakdensityincreaseswith IMF B,. This density
structureis likely causedby the plasmaflow from the polar reconnection.If so,the
larger IMF B, is, the strongerthe polarreconnectiorwill beto producelarger plasma

structurensidethe subsolampoint.

Thereis a strongdependencef the slov modefront on IMF B,, whichis shovn
in the right panelsfor the four runswith differentIMF B, in Figure 6.5. For IMF
B.=2 nT, the slow modefronts occurinsidethe open-closeanagneticfield boundary
andit extendsalmostto the GSE z=0 plane. This is very differentfrom the results
for IMF B,=7 nT in which casethe slov modefrontsarefartherfrom the open-closed
magnetidield boundaryin themagnetosheatindfartherfrom the GSEz=0plane.For
IMF B,=14 and21 nT, the slow modefronts returninside the open-closednagnetic
field boundaryandthey becomemore compresse@nd closerto the GSE z=0 plane

comparedo IMF B,=7 nT case.
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Figure6.6 shavstheflow speedtheplasmadensity the magnetidield magnitude,
andthe N/B ratio alongthe Sun-EartHhine for the four modelrunswith differentiIMF
B, in Figure6.5. Thereis very strongdependencef the PDL structureson IMF B,.
Specifically thereis no clearPDL structurefor IMF B,=2 nT (the plasmapressuras
muchlargerthanthe magnetigpressure)ln this casethe plasmapressuras playinga
crucialrole andthe plasmain the magnetokeathis actingmorelik e the gasdymamic
casewhich producesho plasmadepletion.WhenIMF B,=7 nT, very clearPDL struc-
ture occurs.But whenIMF B, becomedarger, the PDL structurebecomesnoreand
moresmearedut. Thisis likely causedoy the muchstrongemplasmacontrol by the
magneticforce thanthe plasmapressureggradientforce in the magnetosheathThe
densitypeakinside the subsolamagnetopatesis likely causediy the enhancegbolar

reconnectiorfor largerIMF B,.

IMEB, (nNT) | Ma | Mns | B A | Hppr (Rg) | Lvp (Re) | Les (Re) | Hus (Ri)
2 253| 75 | 121|131 0.15 9.9 12.0 2.1
7 7.2 53 1.0 | 1.91 0.57 9.7 13.1 3.4
14 3.6 3.3 0.2 | 1.48 1.00 9.4 14.5 51
21 2.4 2.3 0.1 | 1.05 1.05 9.1 16.5 7.4

Table6.4: Dependencef someimportantparametersn IMF B, alongthe Sun-Earth
line.

Someimportantparameteralongthe Sun-EartHine for differentiMF B, arelisted
in Table6.4. The depletionfactordoesnot changdinearly with IMF B,. Onthecon-
trary, it first increasewith IMF B, until reachesa peak,then decreasesvith IMF
B,. Thelaterdecreasef depletionfactorwith IMF B, canbe explainedby the en-
hancedpolarreconnectiorwhich causeghe increaseof the densityon the stagnation
point. With theenhancementf IMF B,, the magnetopausis almostlinearly pushed
toward the Earth,andthe bow shockextendsalmostlinearly into the solarwind. As
aresult,thethicknessf the magnetosheatimcreasesimostlinearly from ~2 Ry for
IMF B,=2 nT to ~7 Rg for IMF B,=21 nT. Similarly, the PDL thicknessincreases

monotamically with the increasingIMF B,. Finally, whenthe solarwind 5 valueis
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very small,the PDL is very weakandthe magnetosheatpatternis closerto the gas-

dynamiccase.

6.6 Effectsof the IMF Tilt Angle

Figure 6.7 shavs the dependencef the PDL andthe slov modefront on the IMF
tilt angle: 0°, 45°, and63°. The othersolarwind input parameterare: IMF B,=7
nT, V=(-450, 0, 0) km/s,N=6 cm~3, andT,=T.=10eV. In theleft panelsof Figure
6.7, therearedifferentmagnetosiathflow line structuredor differentiIMF B,. This
meanghatthe plasmaflow in the magnetosheatis to someextent controlledby the
IMF magnitue and/ortilt angle. Although the IMF magnitudeand orientationare
differentfrom caseto case,thereis only very little changefor the locationsof the
magnetopausandthe bow shock. Differentfrom all the formercasesanasymmetry
develops for the N/B ratio structurein the GSEy=0 plane. Specifically the N/B ratio
peakin the magnetoseathmovesto the north of the GSEz=0 planefor the magnetic
field usedin the tests. This canbe explained, referringto the magneticfield linesin
theright panelsof Figure6.7, by the factthatthe plasmasouthof the GSEz=0 plane
moves more alongthe magneticfield, thusit can move easier While the plasmain
thenorthof the GSEz=0 planemoves moreperpendiculato the magnetidield, andit
feelsmoremagnetigressurdorce generatedby the piling up of themagnetidield on

themagnetopates As aresult,densitybuild up morein thisregion.

Similarto theN/B ratioasymmetrytheslow modefrontsalsoshowv a strongasym-
metryfor the caseswith differentIMF tilt angle.For IMF B,=7 nT casealarge slow
modefront is seensouthof the GSE z=0 planeanda very small slov modefront is
seemorthof the plane.Meanwhilethe southslow modefrontis closerto the GSEz=0
planethanthe north one. This slow modefront asymmetryincreaseswith IMF B,.

WhenIMF B,=14 nT, the northernand southernslow modefronts attacheachother
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Figure6.7: Thedependencef the PDL andthe slow modefront ontheIMF tilt angle.
In thiscasewe havethesamdMF B,=7 nT, but differentiMF B,=0, 7,and14nT. The
othersolarwind inputparameterare: V=(-450,0, 0) km/s N=6cm 2, andT,=T.=10
eV. Theotherformatsof this figure arethe sameasthosein Figure6.3.
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Figure6.8: Theflow speedthe plasmadensity the magnetidield magnitudeandthe
N/B ratio alongthe Sun-Earthine in Figure6.7. The otherformatsof this figure are
thesameasthosein Figure6.4.

to form a large slov modefront, which extendsvery far into the magnetoseathand

comesvery closeto thebow shock.

Figure6.8shavs theflow speedtheplasmadensity themagnetidield magnitude,
andthe N/B ratio alongthe Sun-Earthline in Figure6.7. Thereis very little differ-
encefor thesecaseswith differentIMF tilt angle. Specifically the locationsof the
magnetopausand the bow shockdo not changemuchfor differentIMF tilt angle.
Meanwhile,the PDL shaows very similar patternalongthe Sun-EartHine for different
casesn this study The parametergalongotherneighboringradiallines shav similar
results exceptalittl e shift of the bow shocklocationandallittle changen plasmade-
pletion patternon the magnetopausay comparisonthe effectsof the IMF tilt angle
(IMF B,) aremuchsmalkerthanthoseof IMF B,. Thisresultis consistentvith theob-
senationalresultsby Farrugiaetal. [1997b],andmodelresultsby Raedesetal. [2001]

andour resultsin Chapter3. Further the magniudeof IMF is notamajorcontrolling
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factorfor thePDL atleastnearthe Sun-EartHine.

Leeetal. [1991] simulatedthe enhanceghlasmapressureanddecreasedhagnetic
field intensityusinga two-dimensionalincomprestle MHD simulatian code. They
foundthat,whenthereis a normalcomponenbf the IMF (B,#0), the total magnetic
field intensiy tendsto decreasen front of the depletionlayer dueto the bendingof
the magneticfield lines, andthe plasmapressurdas enhancedn this region. On the
otherhand,whenB,=0, this slow-modestructureis not presenin the simulationand
only the plasmadepletionlayer is obsered. Our resultshave shavn that, in cases
with bothB,=0 andB, #0, thereis no structurewith enhanceglasmadensityandde-
creasednagneticfield. Othersimulation resultsdo not shawv this featureeither[e.g.,
Wu, 1992;Lyon, 1994; DentonandLyon, 1996,2000; Siscoeet al., 2002]. The dif-
ferencebetweerlee’sresultsandour resultsis likely causedy the simdified models
thatLeeetal.[1991]usedin their study Notethat,sinceincompresiility is assumed
in their simulaton, actuallyno plasmadepletion canbe obtainedbecausen the mag-
netosheaththe plasmadensityis always constant. Meanwhile,the 2D simulationis
alsoabig limitation,which doesnot give reasonabléescriptionof the PDL formation

aswe have discussedn Chapterd.

6.7 Effectsofthe IMF Clock Angle

Figure6.9shavsthedependencef thePDL andtheslow modefrontonthelMF clock
angle:0°, 15°, 30, and45°, with thesamelMF magnetidield magniude(7 nT). The
othersolarwind inputparameterare: V=(-450,0, 0) km/s N=6cm~3, andT,=T.=10
eV. In thefigure,little influenceof the IMF clock angleon the magnetosheatplasma
structuresjncluding the PDL, is seenin the z=0 andy=0 planes. Specificdly, there
is little changefor the locationsof the bow shock,the magnetopausendthe mag-

netosheath.The slow modefront, however, is stronglyinfluencedby the IMF clock
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Figure6.9: The dependencef the PDL andthe slov modefront on the IMF clock
angle:0°, 15°, 30, and45°, with thesamelMF magnetidield magniude(7 nT). The
othersolarwind inputparameterare: V=(-450,0, 0) km/s N=6cm~?, andT,=T.=10
eV. Theotherformatsof this figure arethe sameasthosein Figure6.3.
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Figure6.10: The flow speedthe plasmadensity the magneticfield magnitude, and
the N/B ratio alongthe Sun-EartHine in Figure6.9. The otherformatsof this figure
arethesameasthosein Figure6.4.

angle. The slow modefront for 0° IMF clock anglehasbeendiscussedn former
sections. For 15° IMF clock angle,the slow modefront is significantly wealened.
Furtherfor 30° and45° clock anglesthereis no slow modefront in the y=0 planein

themagnetoseath.

Figure6.10 shaws the flow speedthe plasmadensity the magneticfield magni-
tude,andthe N/B ratio alongthe Sun-EartHine in Figure6.9. Very littl e differenceis
seenfor thesecaseswith differentIMF clock anglesexceptthattherearesomelittle
deviations betweerthemat the bow shockandright beforethe stagnatn point. Big
differencesare seenfor the densityimmedately inside the subsolarmagnetopause.
Specifically thesmallerthe IMF clock angle,the higherthe plasmadensityinside the
magnetopausé.he plasmadensityinside the subsolamagnetopatesis likely coming
from the polarreconnectionlf thisis true,thendifferentdensitypeakmagnituesre-

flectthereconnectiomatefor differentiIMF clock angles.Further thesmallerthe IMF
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clock angle,the strongerthe polar reconnectiorwill be,andmoresolarwind plasma

cango from the poleto theinnersubsolamagnetosphere.

ClockAngle(°) | Ma | Mys | 8 A | Hpor (Rg) | Lmp (RE) | Les (Re) | Hus (RE)
0 7.2 53 [10] 1.95 0.57 9.7 13.1 34
15 7.2 53 [1.0] 201 0.57 9.7 13.0 3.3
30 7.2 53 [ 1.0] 2.08 0.8 9.7 13.0 3.3
45 7.2 53 [1.0] 227 0.8 9.7 12.8 3.1

Table6.5: Dependencef someimportantparameter®n the IMF clock anglealong
the Sun-EartHine in Figure6.9.

Table 6.5 shaws the dependencef someimportantparameteren the IMF clock
anglealongthe Sun-Earthline in Figure6.9. The depletionfactorincreaseslighty
with theIMF clockangle althoughthis dependencies muchwealerthanthedepletion
factordependencen the solarwind velocity, density andIMF B,. Most of thesmall
depletionfactorincreaseas dueto thedensitystructuresearthestagnatiorpointinside
the magnetopauseSimilarly, very little or no dependences seenfor the locationsof
the bow shockandthe magnetopauseAs a resultthereis very little changein the
thicknessof the magnetoskath. Furtherthereis a non mondonic dependencef the
PDL thicknesson the IMF clock angle. The changingA and Hpp;, valuesfor the
constantsolarwind M, and 8 imply that the PDL is also affected by someother

factorsotherthanthesetwo solarwind parameters.

Figure6.11shows the normalizedplasmadensityalongthe stagnatiorstreamline
for differentIMF conditions[Siscoeet al., 2002]. Anglesspecifythe clock angleof
the IMF. The two verticallinesin eachpanelshov wherethe velocity goesto zero
(the stagnatiorpoint) and wherethe densitydropsto half its post-shockvalue. We
seelarge structuraldifferenceexists for the caseswith 0° and45° IMF clock angles.
Figure6.12shavsthedependencef thicknesof depletionlayer (asdefinedby Zwan
andWolf [1976]) obtainedrom Fig. 6.11onthelMF clockangle.A valueof 0.15Rg,

representinghe resolutionof the processhasbeensubtractedrom the solid line to

195



Lo o o o B0 - MW do — AT o R U Sm o W mo = R 4 s

Figure6.11: Takenfrom Siscoeet al. [2002]. Normalizedplasmadensityalongthe
stagnatiorstreamlinefor differentIMF conditions. Anglesspecifythe clock angleof

thelMF. Thetwo verticallinesin eachpanelshov wherethevelocity goesto zero(the
stagnatiorpoinf) andwherethedensitydropsto half its post-shok value(to determine
thethicknessof the depletionlayerby the ZwanandWolf criterion).
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Figure6.12: Takenfrom Siscoeet al. [2002]. Dependencef the thicknessof deple-
tion layer (asdefinedby ZwanandWolf [1976] obtainedfrom Fig. 6.110on the IMF
clock angle. A valueof 0.15Rg, representinghe resolutionof the processhasbeen
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obtainthedashedine. In bothFigures6.11and6.12thereis strongdependencef the
PDL thicknesson theIMF clock angle. Specifically from 0° to 45° IMF clock angle,
the thicknessof the PDL variesfrom ~0.43 Ry to ~0.3 Rg, which is very different
from our resultsin boththe magnititdeandthetrend. The solarwind parametersised
in Siscoeet al. [2002] are: V=-350 km/s, N=5 cm~3, T=20 eV, and B=5 nT, which
are differentfrom what we have used. However, differentsolarwind inputsare not
likely to causehebig differencedbetweerourresults.Thedifferentmethodgo define
the outer boundaryof the PDL, the depletionfactor methodby Siscoeet al. [2002]
and the N/B ratio methodby us, shouldalso contritute to this differencebetween
our results. Siscoeet al. [2002] usedthe ISM modelandwe usedthe UCLA global
modelfor the PDL study Many settingsin the two modelsare very different, e.g.,
numericalgrids and numericalresistvity. Thosedifferentsettingsare alsolikely to
be responsite for thelarge differencedetweerour results.As a testof the accurag
of our model,we have conductectasestudieswith our modelin Chapter3 andgood
consisteng hasbeenobtainedbetweerour modelresultsandspacecrafobsenatiors.
DifferentdepletionfactorsandPDL thicknesdor the samesolarwind My, the IMF
magnitue, andthe IMF tilt angleconfirmthattheMF clock angleis anotherseparate

controlling factorsfor the PDL.

6.8 Effectsof the Earth Dipole Tilt

The majordifferencebetweerthe Earthdipoletilt in the GSEy=0 planeandthe IMF
tilt is the solarwind flow directionrelative to the Sun-Earthiine. Figure6.13showvs
the dependencef the PDL andthe slow modefront on the Earthdipole tilt in the
GSEy=0 plane. Thefollowing solarwind conditiors areusedasmodelinput (in the
GSEcoordinate):V=(-450,0, 0) km/s,B=(0,0, 7) nT, N=6 cm 2, andT,=T.=10eV.

Suchsolarwind conditionscorrespondo M 4=7.2. Similarto Figure6.9, thereis little
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differenceof the magnetosheatstructuresjncluding the locationsof the bow shock
andthe magnetopawes Meanwhile,no cleardensityasymnetry is seenin different
cases.The strongesinfluenceby the Earthdipole tilt is the slov modefront. For 0°

Earthdipoletilt, a normalslow modefront is seenin the magnetoseath,which has
beendiscused earlierin the dissertation. For 15° Earthdipole tilt, the slov mode
fronts north and southof the GSE z=0 plane are connected. The slow modefront

structureis notasymmetricwhich is obvioudy causediy the nonezeroEarthdipole
tilt. Thereareseggmens of the slow modefront extendinto the magnetosheatim both

north and southof the GSE z=0 plane. The major differencebetweenthemis that,
the north slov modefront is moredetachedrom the centerslow modefront. While

the southslow modefront is closelyconnectedvith the centerslon mode,although
thereis alongbulgeextendsalongthefield line into themagnetosbath. The30° Earth
dipoletilt caseis similar to the former case but with a moreasymnetric slov mode
front. The slov modefront north of the GSE z=0 plane,which occursfor 15° Earth
dipoletilt, is almostdisappeareth this case.But thereis little changéfor its southern

counterpart.

Figure6.14shavstheplasmaV,, theflow speedthe plasmadensity the magnetic
field magnitide,andthe N/B ratio alongthe Sun-EartHine in Figure6.13. Theblack
dot on eachline marksthe locationof the magnetopausen thatline whichis defined
by the closeto zeroflow velocity or thereverseof V,. Therearevery distinct struc-
turesnearthe magnetopaustr the flow speedwhich aredifferentfrom all the other
caseghatwe have shawvn earlier Thesedifferencesareobviously connectedvith the
Earthdipoletilt. If we follow the former definition of the magnetopausé/=0), the
magnetopausir thedipoletilt=15° and30° would becloserto the Earth. Thereason
for addinganextrapanelin Figure6.14,V,, is to shov whetherwe shouldusetheold
way to definethe magnetopuse.Panel(a) of Figure6.14 shaws thattheV, changes

directionfartherout from the point wherethe flow velocity reachesloseto zero. We
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believe the downward flow closerto the Earthis the flow producedby the polar re-
connectionwhich shouldbeinside the magnetopausa/hile the upward flow farther
from the Earthis the magnetosheatfiow. Thus,we shoulddefinethe magnetopause
asthe boundarybetweenthe upward andthe downward flows. In panel(e), the N/B
trendin themagnetosheatis very weak,which makesthe definitionof the PDL outer
boundaryvery difficult. Here, we usethe densitytrendin the magnetoskathas a

complemento accomplishthistask.

DipoleTilt (°) | Ma | Mmus | 8 A | Heon (Re) | Lvp (RE) | Les (RE) | Hus (RE)
0 7.2 53 | 1.0 195 0.57 9.7 131 3.4
15 7.2 53 |10 141 0.60 10.2 132 3.0
30 7.2 53 | 1.0 1.28 0.55 10.2 134 3.2

Table 6.6: Dependencef someparametersalong the Sun-Earthline on the Earth
dipoletilt.

Table6.6 shavs the detaileddependencef someparameterslongthe Sun-Earth
line ontheEarthdipoletilt. Thereis alargedropof thedepletionfactorwhenthedipole
tilt angleincreasegrom 0° to 15°. A smallerdepletionfactordropis seenwhenthe
dipoletilt anglechangedrom 15° and3(°. In all thethreecaseswith differentEarth
dipoletilt angles,only little differenceis seenfor the locationsof the magnetopause
andthe bow shock,thusthethicknessf the magnetokeath.Also, the PDL thickness
only changesslighty. Differentdepletionfactorsand PDL thicknessfor the same
solarwind Mys, the IMF magnitide,andthe IMF tilt andclock anglesconfirm that

the Earthdipoletilt is anotherseparateontrollingfactorsfor the PDL.

6.9 Summary and Conclusions

In this chapteywe studedthe dependencef the plasmadepletionlayer andthe slow
modefront on solarwind conditionsandthe Earthdipoletilt. Themajorresultsof this

studyarelistedbelow:
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1. Therearedifficultiesfor the depletionfactormethodandthe plasmas method
to definethe outerboundaryof the plasmadepletionlayer. The slov modefront
methodcannot be usedeitherbecauset is not necessarilyelatedto the PDL.
The N/B ratio givesthe bestdescriptionof flux tubedepletion thusit is usedin
the dissertatn for the definition of the PDL outerboundary In the casewhen
the N/B trendis notclearin the magnetosheatlihe plasmadensitycanbe used

asacomplement

2. Themagnetosheatbrvironmenthasa strongdependencen solarwind magne-
tosont Machnumber A differencebetweenhe stagnatiorpointandthe pseu-
domagnetoauseis foundfrom our results,which is consisentwith Songetal.

[1999]andSiscoeetal. [2002].

3. Thereis a strongdependencef the PDL andthe slovw modefront on IMF B,.
ForthelMF B, rangeusedn theteststhelocationsof themagnetopausandthe
bow shock,andthe magnetosheatthicknesschangealmostlinearly. However,
theplasmalepletiorfactorfirstincreaseshendecreasewith theincreasingMF
B,. A densitystuctureis seeninsidethe subschr magnetopauseayhich might
be causedyy the polarreconnectionThe depletionfactoris greatlyaffectedby

this densitystructure thuswe shouldbe cautiousn understandinghis result.

4. TheIMF tilt angleleadsto N/B asymmetryin the magnetosheathHowever, it
doesnot changehelocationsof the magnetopausandthe bow shockalongthe
Sun-EartHine in a significantway. The PDL is alsoonly slighty influencedby
the IMF tilt angle. Thisresultis differentfrom theresultsby Leeetal. [1991].
Theslow modefront hasamuchstrongedependencenthelMF tilt anglethan

the PDL.

5. The IMF clock angleis found to have littl e influenceon the geometryof the

magnetosheatfor the normalsolarwind inputsin this study The PDL along
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the Sun-EartHine is only slighty influencedby the IMF clock angle,which is
inconsisent with the global modelresultsby Siscoeet al. [2002]. Again, the

slow modefront shavs a strongdependencenthe IMF clock angle.

. The Earthdipoletilt doesnot changethe global magnetosheatgeometryand
the PDL alongthe Sun-Earthine in a significantway. However, it canchange
the depletionfactorsignificantly The slov modefront alsoshonvs comple ge-
ometry which can easily extendto the GSE z=0 planefor large Earthdipole

tilt.
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CHAPTER 7

Summary and Future Work

7.1 Summary

This dissertatiorstudywas carriedout with the following importantquestionsabout
the plasmadepletionlayerin mind. Are MHD effectsandpressuresotropy sufficient
to describeheplasmadepletionlayer?ls the PDL a stableor transienstructureHow
doesthe PDL dynamicallyrespondo transiensolarwind conditionsAVhatis thespa-
tial extensionandglobalgeometryof the PDL?Whatis responsibldor the formation
of thePDL?How doesaflux tubegetdepletedn themagnetosheathDoesslov mode
front existin themagnetoBeathWhatis theexactrole of theslow modewavesfor the
PDL?How is the PDL dependenbn solarwind conditionsandthe Earthdipole tilt?
The purposeof this studyis to solve theseproblemsin a systematiavay. The UCLA
globalmodelis usedin the studyasanimportanttool, togethemwith PDL obsenations
andtheoreticabnalysis Firstl confirmthevalidity of theglobalmodelin studyingthe
PDL with goodfit betweenmodelresultsand spacecrdfobsenations. MHD effects
andpressurasotropy aresufficient to describethe formationof the plasmadepletion
layer The PDL is foundto be a stablestructureunderstablesolarwind conditiors,
anddynamicallychangingsolarwind hasstronginfluenceonthe magnetosheattruc-
tures.After modelvalidation | analyzetheforcesresponsibldor theformationof the
PDL andfind thatthe combinedpressurayradientforce andmagneticforceis respon-
sible for the formationof the PDL. The PDL extendslongitudinally andlatitudinaly

along the magnetopauswith varying properties. Flux tube depletionoccursin al-
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mostall the subsolamagnetosheatimsteadof just nearthe subsoar magnetopause.
The bow shockplaysanimportantrole in deceleratinganddepletingflux tube. Near
the magnetopauseomple pressuregradientforce exists which might be responsi-
ble for the complex PDL obsenations. A nev methodis introducedto calculatethe
slow modefront in the magnetoseathandthe existenceof the slow modefront in the
magnetosheatfor certain,but not all solarwind conditiors, is confirmed. However,
the PDL doesnot necessarygorrespondo the slov modefront andthe slowv mode
front playsno discerniblerole for shapingthe plasmaandfield in the magnetosheath.
Finally, differentdegreesof dependencef the PDL andthe slow modefront on the
solarwind magnetosonidlach number IMF B,, the IMF tilt andclock angles,and

theEarthdipoletilt areobtained.

In the dissertation we first reviewed the currentstatusof the plasmadepletion
layerstudy including theobsenational,theoreticalandnumericalktudiesof the PDL.
Thecompleitiesof thePDL obsenationswereemphasizedndthe possiblenfluence
of suchcompleities on the PDL studywas analyzed. We discussedhe specialre-
guirementdor the PDL studywhich provided a guidelinefor the dissertatio. Both
obsenatioral andtheoreticaPDL studieshave greatlyadvancedour understandingf
thePDL. Basedontheformerresultsjncludingnumericaimodelstudyresults we de-
cidedto usethe globalMHD modelasa powerful tool to investigatethe fundamental
problemsaboutthe PDL, which arevery difficult, if notimpossble, for obsenational

andtheoreticalktudies.

MHD theoryis the basisfor the globalmodelusedin this dissertathn study As a
simpified descriptiorof thespaceplasmaervironment,MHD theorycarriesmary im-
portantassumptias. In orderto applyMHD theory we have to make surethatthespe-
cific spaceplasmaervironmentof interesthasto follow thoseassumpons. In Chapter
2, | performeda detailedderivation of the MHD equationdrom kinetic theory Each

importantassumpon for thefinal MHD equationsvasobtainedduringthederivation.
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Comparisorbetweerthe assumptios andthe magnetosheatbrvironmentwasmade
andwe foundthat MHD theoryin generalfits very well in the magnetosheatarvi-

ronment.In the seconchalf of Chapter2, | gave a detailedintroductian to the global
MHD modelusedin thisstudy Someimportantissuesaboutglobalsimuationsof the
PDL, including the shiftedgrids, the effects of the grid resolution andthe effectsof

theanomalousesistvity werediscussedWe foundthatthegrid resolutionusedin the
dissertatiorstudyis sufficientto describehe PDL, with no big importantimprovement
with higherresolutions Also, we foundthatthe anomalousesistvity haslittle effect
onthePDL, andis morecontrolledby thenumericalresistvity, whichis notimportant

for theregionthatwe areinterested.

One of the more corvenientand efficient methodsto testedthe ability of a com-
plex global modelin studyinga comple structurein the magnetosheatis by event
studiesj.e., by comparingmodelresultswith spacecrafbbsenations. A goodfit be-
tweenmodelresultsandobsenationscangive very strongconfidenceor a modelin
describinga processln Chapter3, two eventswereselectedor which sufficient data
areavailablefor a meaningfulcomparisorwith the simulationresults.We foundthat,
for the two events the MHD descriptim with isotropic pressures sufficient to de-
scribethe magnetosheattormation. Thevisual consisteng betweerthe obsenations
andthe modelresultsis good. The averagemodeldeparturdas usuallysmallerthan
the standarddeviation of obsenationsandit is also usually much smalker thanthe
correspondingiormalobsenation values. Any otherprocesghanisotropicMHD is
thusunlikely to play animportantrole. The PDL is found stableduring stablesolar
wind conditonswith northward IMF. Single spacecrafbbsenations of the PDL can
be significantly differentfrom the real PDL spatialstructure. This is primarily due
to the changingsolarwind conditionsandthe motion of the spacecraftelative to the
magnetopauseAs a consequencthe obsenationsmalke the PDL appearto be a lot

morestructuredhanit reallyis.
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After the modelvalidation we went one stepfurtherin Chapter4 to investicate
the underlyingphysicsof the PDL. This was conductedby analyzingthe forcesin
the magnetosheathsing global simulation results. We shaved that a gasdymamic
approactshoutl notbeusedfor thestudyof thePDL, whichisanMHD effect. Theuse
of gasdynamiaenodelsis shovn to be the causeof the shortcomngsof contemporary
PDL models DifferentMHD forcesplay differentrolesfor the PDL formation,which
is very differentfrom the Spreiters moderesults.The pressuregyradientforce alonga
field line is responsil# for plasmadepletion.Both the pressurggradientforce andthe
magnetidorceareresponsibldor theflow patternin themagnetosheatthatdivertthe
plasmaandmagnetidield aroundhemagnetospere.Only theflow linesthatoriginate
closeto the Sun-Earthline exhibit plasmadepletionand contrikute to the formation
of the PDL. On suchflow lines, distinct regions exist with differentforce features.
The PDL is theresultof the plasmamotion controlledby thosecomplex forces. The
analysisof theforcesin the modelsimulaton resultsleadsusto a new descriptionof
flux tubedepletionin the magnetokeath.In this new descriptiorthe bow shockplays
animportantrole to drive the newly shocled plasmaalongthe flux tube away from
the GSEz=0 plane. The pressuregradientforce exists in a flux tube’s entiresubsolar
magnetosheathassagewhich further depleteshe flux tube. This is in contrastto
the descriptionby ZwanandWolf [1976] which consideredhe depletioneffect only
at the bow shockandcloseto the magnetopawes A comple pressurggradientforce
patternexists alongthe magneticfield line thatlies very closeto the magnetopause.
Slow modefeaturesare seenon this field line, which could be responsiblefor the
two-layeredslow mode structureobsenatiors for particular spacecraftrajectories.
However, no suchtwo-layeredstructureexists as a true spatial structurenormal to

themagnetopates

Two-layeredslow modestructurehave beenfoundin obsenations, andthe slow

modewavesandthe slov modefront have beenusedin somemostimportanttheoret-
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ical PDL modelsto explainthe formationof the plasmadepletionlayer Somemodel
studieshave alsoaddressethe possibleaxistenceof the slov modewavesin themag-
netosheathln Chapter5, we investigatedwhetherthe slov modefront exists in the
magnetosheatlandif so, what possiblerole it playsfor the formationof the PDL.
We proposeda new methodto calculatethe slov modefront in the magnetosheath,
which comparegherelative configurationbetweerthe slov modewave groupveloc-
ity andthe flow velocity. The modelresultsshav thatthe slow modefront exists in
themagnetoskathfor certain,but notall solarwind conditions. The slow modefront
in our simulationshasmorecomplex structureghanthatfrom theoreticaimodels.In
particular a very differentslow modefront geometryis found in our modelresults,
comparedo the SouthwodandKivelson[1995] modelpicture. The slow modefront
doesnot develop into a shockandit dependsstrongly on solarwind conditiors. Fi-
nally, the PDL structuredoesnot necessarilycorrespondo a slow modefront, and
the slow modefront playsno discerniblerole for shapingthe plasmaandfield in the

magnetosheath.

In Chapter6, we further studiedthe dependencef the plasmadepletionlayer
andthe slow modefront on solarwind conditionsandthe Earthdipole tilt. We first
summarizedlifferentmethod to definethe outerboundaryof the PDL andfoundthat
therearedifficultiesfor thedepletiorfactormethodandtheplasmas method TheN/B
ratio givesthe bestdescriptionof flux tubedepletion thusit is usedin thedissertatn
for thedefinitionof thePDL outerboundaryIn thecasevhentheN/B trendis notclear
in the magnetosheathhe plasmadensitywasfound could be usedasa complenent.
The magnetosheatbrnvironmentwasfoundto have a strongdependencen the solar
wind magnetosae MachnumberandIMF B,. The IMF tilt anglewasfoundto lead
to N/B asymmetryin the magnetoseath,but it doesnot changethe locationsof the
magnetopausandthe bow shockalongthe Sun-Earthline in a significantway. In

addition, the PDL is only slightly influencedby the IMF tilt angle. The IMF clock
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anglewasfoundto have little influenceon the geometryof the magnetokeathfor the
normalsolarwind inputsin this study The PDL alongthe Sun-EartHine is alsoonly
slighty influencedby the IMF clock angle. The Earthdipole tilt doesnot changethe
globalmagnetosheatfieometryandthe PDL alongthe Sun-Earthine in a significant

way either However, it canchangehe depletionfactorsignificantly.

7.2 Future Work

Thepressuresotropy hasbeenusedn themodelstudyof theplasmadepletionayerin
thedissertation Although we have shavn thatthe pressuresotroyy is sufficientto re-
producemainfeaturesof several PDL obsenationsby comparingourisotropc model
resultswith obsenations, it is still importantif we canincludepressurenisotroyy in
thefuture globalmodelandstudythe effectsof it to the PDL. Sucha studyhasnever
beendonefor aglobalthreedimensimal modelin studyingthe PDL, andit would help
usto systematicalljunderstandhe effectsof pressurenisotroyy for the formationof
thePDL. Also, it will helpto includethe mirror modeinstability into themodel,which

canprovide anothersourcefor the slow modewaves.

In the PDL dependencstudyin Chapter6, severalcaseshav non-trivial density
structuremnearthe subsoar point insidethe magnetopauseThosedensitystructures
are likely causedby the reconnectiorin the polar region. Eventstudiesin Chapter
3 alsoshaow the possble connectionbetweenthe PDL and the magnetosperepolar
region. Soit would be interestimg to furtherinvestigatethe possiblerelationbetween
the PDL andthe polarregion, andfind out how the massis transferredrom the mag-

netosheatimto the subsoar magnetoghere.

In Chapter3, | have shavn thattransiensolarwind structurecanhave significant
influenceon thein situ magnetosheatbbsenrations. A further modelstudywith ide-

alizedtransientsolarwind structureslik e gradualchangingsolarwind conditiors or
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suddensolarwind changeswill helpusto evaluatethe influenceof suchsolarwind
structurego the plasmadepletionlayeraswell asthe evolution of the magnetopause-
magnetosheath-loshocksystem Also, the solarwind influenceto spacecrafobser
vationscanbe investigaed which canalsohelp usto betterunderstandn situ obser

vationsin thisregion.

The UCLA global modelthat | have usedin the dissertationstudy is currently
oneof the globalmodelsthatcangive the highestresoluton in theregion thatl have
studied. A grid resolutionas high as 0.1 Rg is achieved in this model. However,
therearestructureqearthe magnetopausthatare muchsmallerthanthis scale like
the transiton layer betweenthe PDL andthe magnetosperewhich is ~100km. A
stretchedCartesiargrid is usedin this model,which is muchbetterthanmary other
cornventianal grids. However, therearesomelimitationsfor this grid, for example,the
wasteof computaibnsin the region not needed.This preventsthe modelto resohe
thosefiner scaleswith the limitation of currentcomputationability. Adaptive mesh
refinement(AMR) is a techniquethat can betterusethe compuer power and give
high resolutio to the regionsof interest. However the compleity in implementng
the AMR techniquean the globalmodelis beyondthe scopeof this dissertatbn study
Futurework is neededo betterunderstandhe possibiity of usingthis techniquen

theglobalmodelng andthe PDL study

A very importanttopic in space-weathepredictionis the reactionof the mag-
netospherdo extremesolarwind conditiors. As a structureon the magnetopause,
the plasmadepletionlayerwill alsobe greatlyinfluencedby suchconditions. Future
studywill behelpfulin systematally understandigtheresponsef thePDL to those
extremesituatons,which will alsocontribute to betterunderstandinghe globalmag-

netospherasawhole.
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